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Coding of social novelty in the hippocampal Cornu Ammonis 2 region (CA2) and its 
disruption and rescue in a mouse model of schizophrenia 
 
Macayla L. Donegan 
 The hippocampus is a brain structure known for its role in declarative memory- our ability to 
consciously recall facts and events.  The hippocampus is a highly heterogeneous brain structure, 
and the small subregion CA2 has been shown to be necessary for the formation of social memories, 
the ability of an animal to recognize previously encountered conspecifics.  Changes in 
excitatory/inhibitory balance have been observed in CA2 in humans with schizophrenia and in 
mouse models of schizophrenia, suggesting that these alterations may lead to some of the social 
dysfunction seen in schizophrenia.   
Although the hippocampal CA2 region has been implicated in social memory and 
neuropsychiatric disorders, little is known about how CA2 neural activity may encode social 
interactions and how this coding may be altered in disease. To see if and how CA2 codes for social 
interactions, I recorded extracellularly from CA2 pyramidal neurons as mice engage in a three-
chamber social interaction task where the mice interact with the following task dimensions: space, 
novel objects, familiar social stimuli, novel social stimuli, and the passage of time.  I found that 
whereas CA2 activity fails to provide a stable representation of space, unlike most other dorsal 
hippocampal subregions, it does code for contextual changes and for novel social stimuli. 
 
In Df(16)A+/- mice, which model the 22q11.2 microdeletion, a major schizophrenia risk 
factor, CA2 activity fails to encode context or social novelty, consistent with the deficit in social 
memory seen in these mice. In contrast, CA2 activity shows a surprising increase in spatial coding 
in Df(16)A+/- mice. These mice were previously shown to have a loss of inhibitory neurons within 
CA2, and a hyperpolarization of the CA2 pyramidal neuron resting potential. This 
hyperpolarization is likely due to upregulation of the outward rectifying TREK-1 K+ channel. I 
found that administration of a TREK-1 K+ channel antagonist rescued social memory and restored 
the normal CA2 coding properties in the mutants. These results demonstrate a crucial role for CA2 
in the encoding of social stimuli and the expression of social memory, and suggest that dysfunction 
in CA2 may underlie deficits in social function seen in some forms of neuropsychiatric disease. 
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Chapter 1. Introduction 
Overview 
 Many animals depend on complex social networks for successful survival; humans perhaps 
more so than any other animal.  Participation in these social networks is evolutionarily 
advantageous as it allows animals to share resources, aid each other in raising their young, and 
engage in group protection.  The development of these social networks and the appropriate neural 
representations of one’s standing within said social network are dependent on the ability to 
remember social stimuli and to update representations of social stimuli. The ability to do so is 
dependent on a small subregion of the hippocampus, cornu ammonis 2 (CA2) (Hitti & Siegelbaum, 
2014; Meira et al., 2018; Stevenson & Caldwell, 2014).  While we know that CA2 is necessary for 
the ability to remember social stimuli, how CA2 encodes social stimuli remains unknown. Social 
deficits are often reported in schizophrenia, along with changes in the excitatory inhibitory balance 
in CA2 (Benes, Kwok, Vincent, & Todtenkopf, 1998; Knable, Barci, Webster, Meador-Woodruff, 
& Torrey, 2004; Piskorowski et al., 2016; Zhang & Reynolds, 2002).  How and if these circuitry 
changes affect social coding in CA2 also remains an open question. 
1.1 Social Memory as a subset of Declarative Memory 
 The ability to recognize, recall memories of, and to update neural representations of social 
stimuli are indispensable for a wide range of social behaviors in both humans and in other social 
animals. These are encompassed under the term social memory, which is a subset of declarative 
memory. Declarative memory is defined as memory of facts and events that can be consciously 
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recalled.  The first evidence that declarative memory requires a part of the brain called the 
hippocampus, which lies in the medial temporal lobe, came from the epilepsy patient H.M.  H.M. 
had severe temporal lobe epilepsy, and had both of his hippocampi (as well as some other MTL 
structures) removed in an attempt to stop his seizures.  While his epilepsy was cured, H.M. now 
had profound anterograde amnesia (Scoville & Milner, 1957; Squire, 1992).  While he could not 
consciously remember any new events (or importantly for discussions of social memory, people 
(Corkin, 2002; Steinvorth, Levine, & Corkin, 2005)), he could still learn difficult motor tasks 
(Corkin, 1968; Milner, 1968), indicating that his procedural memory was still intact (Squire & 
Wixted, 2011).   
 This discovery led to a massive body of work on how the hippocampus encodes different 
aspects of declarative memory (Squire, 2009).  It has been theorized that the hippocampus is 
responsible for converting short term memory to long term memory, taking in current sensory 
information, along with internal state variables such as emotion, and compressing this information 
as these variables as they are stored into long term memory (Benna & Fusi, 2019; Petrantonakis & 
Poirazi, 2014).  After the salient features of an experience are extracted, the hippocampus sends 
this information via projections to other brain regions, such as the medial prefrontal cortex, in a 
process called consolidation.  Neural correlates of spatial and contextual encoding have been 
observed in the hippocampus; most famous of these is the place cell (Figure 1.1). Place cells are 
cells in the hippocampus which fire selectively in a specific location within an environment 
(O’Keefe & Dostrovsky, 1971).  Place cells are essential for normal episodic memory functions 
(Buzsáki & Moser, 2013; Nakazawa, McHugh, Wilson, & Tonegawa, 2004; D. M. Smith & Sheri 
J.Y. Mizumori, 2001), and place cells in CA1 often “remap”, or change the location at which they 
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fire most, in response to changes in the environment (Colgin, Moser, & Moser, 2008; Guzowski, 
Knierim, & Moser, 2004).  
Studies of spatial coding have dominated the hippocampal subfield of neuroscience, but it 
is often difficult to distinguish spatial versus contextual coding when the only relevant task 
dimension is space, as has been the case in a large proportion of these studies.  While place cells 
are certainly the most studied neural phenomena in the hippocampus, neural correlates of time 
(Eichenbaum, 2014; MacDonald, Lepage, Eden, & Eichenbaum, 2011), emotional state (Padilla-
Coreano et al., 2016), and other environmental cues, such as auditory tone space (Aronov, Nevers, 






Figure 1.1. Place Fields in the Hippocampus. 
 a) Trajectory traces (black) of a rat’s path through an open field with firing of a place cell (red) 
overlaid.  Adapted from (Moser, Rowland, & Moser, 2015)  
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 In addition to the spatial coding described in the previous section, there have been some 
studies that look at social coding in the hippocampus.  Social concept cells have been described in 
a relatively controversial study by (Quiroga, Reddy, Kreiman, Koch, & Fried, 2005), which 
recorded from the medial temporal lobe of epilepsy patients while they were presented with social 
stimuli, landmarks, and objects.  In this study they found the “Jennifer Aniston” cell, which seemed 
to respond to the concept of Jennifer Aniston - it responded to different photos, cartoons, and to 
the written name Jennifer Aniston, but not to photos of Jennifer Aniston and Brad Pitt.  Social 
“engrams” for familiar conspecifics in mice have also been described in ventral CA1 (Okuyama, 
Kitamura, Roy, Itohara, & Tonegawa, 2016). “Social places cells” have also been described in 
dorsal CA1 of the hippocampus; these are cells that representation the location of a salient social 
stimulus.  In one instance this was a dominant bat flying towards a reward (Omer, Maimon, & Las, 
2018) and in the other it was another rat running on an T-maze (Danjo, Toyoizumi, & Fujisawa, 
2018) .   
Systems neuroscience analyses of brain activity has generally focused on the firing of 
individual cells that are “tuned” to highly specific stimuli, such the above described place cells 
and social “engram”.  Classic examples include neurons in V1 (Hubel & Wiesel, 1965) and A1 
(Morel, Garraghty, & Kaas, 1993) that respond “selectively” to a specific line orientation or 
specific sound frequency, respectively.  These cells display Gaussian tuning curves, with peak 
firing occurring for specific stimuli, and falling off as the stimulus gets increasingly different from 
the preferred stimulus.   
This kind of “pure selectivity” is seen in many cells in primary sensory cortices but is rarer 
in the parts of the brain typically referred to as association cortices, including the hippocampus.  
Many neurons exhibit firing patterns that indicate that these neurons code for multiple aspects of 
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a task or an environment, a phenomena referred to as mixed selectivity (Fusi, Miller, & Rigotti, 
2016; Rigotti et al., 2013; Stefanini, Kheirbek, & Kushnir, 2018). It is reasonable to assume that 
CA2 may be responding to multiple task dimensions, so I have designed our analyses to capture 
information about such multiple task dimensions, both at the single cell and the population level. 
I thus have designed a task to enable us to examine CA2 firing patterns in their response to space, 





1.2 The Different Subfields of the Hippocampus 
 The hippocampus is a highly heterogeneous structure (Figure 1.2), divided based on its the 
morphology and connectivity of the principal neurons into the different cornu ammonus (CA) 
subfields, consisting of pyramidal neurons in the CA1, CA2 and CA3 regions and the granule cells 
of the dentate gyrus. Within a given subregion there can also be heterogeneity along the 
dorsoventral (Fanselow & Dong, 2010), proximo-distal (Fernandez-Lamo et al., 2019; Henriksen 
et al., 2010), and deep-superficial axes (Lee et al., 2014; Masurkar et al., 2017). The dorsal 
hippocampus is generally described as coding for context and space while the ventral hippocampus 
is typically described as playing a role in anxiety and emotion (Fanselow & Dong, 2010; Strange, 
Witter, Lein, & Moser, 2014). While subfield CA2 was first described by (Lorente de No, 1934), 
it remained relatively understudied for many years, likely because of its small size.  CA2 pyramidal 
neurons are distinct from CA1 and CA3 neurons in their morphology and connectivity. The somas 
of CA2 and CA3 pyramidal neurons are much larger than those of CA1, whereas CA2 pyramidal 
neurons lacks the thorny excrescences seen in CA3. In addition, CA2 apical dendrites branch much 
closer to the soma then those of CA3.   In terms of hippocampal connectivity, CA2 receives little 
input from the mossy fibers of the dentate gyrus, unlike CA3, and its densest output to CA1 targets 
the basal dendrites in the stratum oriens. In contrast to CA3, CA2 sends most of its output to the 
apical dendrites of CA1 in the stratum radiatum (Chevaleyre & Siegelbaum, 2010; Lein, Callaway, 





Figure 1.2. CA2 morphology and connectivity.  
a) Schema of the dorsal hippocampus showing the different morphologies of the pyramidal cells 
in the cornu ammonis subregions (adapted from (Lorente de No, 1934)). b) Schema of the inputs 





1.3 Spatial Firing in CA2 
While several studies have found place cells in CA2 (Alexander et al., 2016; Mankin, 
Diehl, Sparks, Leutgeb, & Leutgeb, 2015; Oliva, Fernández-Ruiz, Buzsáki, & Berényi, 2016), the 
firing of pyramidal neurons in the dorsal region of CA2 has less information about the location of 
the animal than neighboring dorsal CA1 and CA3, whose spatial coding properties have been 
studied extensively.  The place fields of CA1 and CA3 have been described as typically Gaussian 
in structure; firing is concentrated in one area of an environment and as the animal gets further 
from that location, firing rate decreases. While CA2 firing does have some amount of spatial 
information, place fields in CA2 often have multiple peaks of firing, and there is a lot of activity 
that occurs outside of the statistically defined place fields (Figure 1.3). 
 Of particular interest, these spatial firing patterns are not stable over time in CA2, unlike 
CA1 and CA3 (Mankin et al., 2015).  This phenomenon was the first described that indicates that 
CA2 may not play a strong role in representing space. Other studies have shown that CA2 firing 
patterns change more between different contexts than CA1 and CA3 firing patterns, and yet 
another showed that “place fields” in CA2 remap, or change the location of their peak firing rate, 
when social stimuli or objects are added into the arena (Alexander et al., 2016) (Figure 1.3).  This 
all points to CA2 not being a prime candidate for stable representations of space, at least at the 






Figure 1.3. Place fields in dorsal CA2.  
Typical spatial firing over the course of time or after the addition of a social stimulus in the 




1.4 CA2 in Social Memory  
 Evidence that CA2 pyramidal neurons may be important for encoding social encounters 
comes from the finding that they strongly express receptors for the social neuropeptides, 
vasopressin and oxytocin.  Vasopressin and oxytocin have been implicated in social behaviors 
such as pair bonding (Cho, DeVries, Williams, & Carter, 1999), aggression (Pagani et al., 2014), 
maternal behavior (Pedersen C.A., Asher JA, Monroe YL, & Prnge Jr AJ, 1982), and more recently 
in hippocampal forms dependent forms of social memory (Raam, Mcavoy, Besnard, Veenema, & 
Sahay, 2017; A. S. Smith, Williams Avram, Cymerblit-Sabba, Song, & Young, 2016).  CA2 
uniquely expresses the arginine vasopressin 1b receptor (AVPR1b) in the hippocampus, and whole 
brain knockouts of this receptor leads to decreased sociability and social memory, as well as a 
decrease in aggressive behavior in male mice (Pagani et al., 2014). Interestingly, deletion of the 
AVPR1b also leads to deficits in temporal order memory (Devito et al., 2009).  In isolate 
hippocampal slices, activation of AVPR1b leads to synaptic potentiation of the CA3 inputs to CA2, 
but not to CA1.  This synaptic potentiation is calcium dependent, and leads to LTP-like 
enhancement of EPSCs in CA2 (Pagani et al., 2014), which is interesting considering that CA2 
shows decreased LTP compared to CA1 due to numerous plasticity limiting mechanisms in CA2 
pyramidal neurons and their extracellular environment (Caruana, Alexander, & Dudek, 2012; 
Dudek et al., 2016; Zhao, Choi, Obrietan, & Dudek, 2007).  Vasopressenergic neurons innervating 
CA2 originate in the periventricular nucleus of the hypothalamus (PVN), and optogenetic 
stimulation of these inputs in CA2 leads to an increase in the duration of social memories in mice 
(Smith et al., 2016). 
 CA2, as well as the neighboring portion of CA3 (CA3a), also expresses receptors for 
oxytocin (Buijs et al.,1979).  Like stimulation of the AVP1bR, activation of oxytocin receptors in 
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CA2 leads to increased plasticity in CA2 (Pagani et al., 2014).  Oxytocin also changes the intrinsic 
firing properties of CA2 pyramidal neurons, depolarizing the cell by reducing the M-type K+ 
current current generated by KCNQ channels and altering action potential waveform through 
protein kinase C activation.  Combined with oxytocin mediated changes in firing of fast spiking 
interneurons, these oxytocin mediated changes in CA2 circuit properties induce burst firing from 
CA2 pyramidal neurons (Tirko et al., 2018). Behaviorally, inhibition of the oxytocinergic inputs 
into CA2/3 leads to decreases in social memory, but not novel object recognition memory, 
indicating that the oxytocinergic projection from the PVN to CA2 are necessary for the expression 
of social memories (Ferguson et al., 2000; X. Y. Lin et al., 2018; Raam et al., 2017). 
 In addition to input from the social neuropeptide releasing cells of the PVN, CA2 also 
receives inputs from supramamillary nucleus (SuM), the serotonergic median raphe, and the lateral 
and medial entorhinal cortex (Cui, Gerfen, & Young, 2013; Kohara et al., 2014). The lateral and 
medial entorhinal cortices are stereotypical divided into conveying “non-spatial” and “spatial” 
information into the hippocampal circuit respectively (Eichenbaum, Sauvage, Fortin, 
Komorowski, & Lipton, 2012; Hargreaves, Rao, & Knierim, 2005).    This divergent connectivity 
from the other subregions of the dorsal hippocampus makes CA2 well posed to integrate a wide 
variety of neuromodulatory inputs with non-spatial information, leaving it well poised to place 
important roles in non-spatial coding in the hippocampus.  
Thus, it is unsurprising in retrospect that CA2 is essential for the formation of social 
memories.  Profound social memory deficits have been seen during both chronic (Hitti & 
Siegelbaum, 2014) and acute (Meira et al., 2018) silencing of the dorsal region of CA2. 
Behaviorally this means that mice with CA2 inhibited spend the same amount of time exploring a 
familiar animal as they do a novel animal.  Mice typically more time exploring a novel conspecific 
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compared to a familiar conspecific, presumably so that they can gather the proper olfactory cues 
to assess whether said conspecific is a threat, a potential mate, etc. Increased interaction time with 
familiar mice implies that mice are not properly forming a memory of previously encountered 
conspecific, and thus need to explore it again (Figure 1.4).  Results based on reversible silencing 
of CA2 in a temporally controlled manner using chemogenetic or optogenetic approaches indicate 






Figure 1.4. CA2 is essential for social memory. 
 a) Expression of inhibitory DREADD in the CA2 region of an amigo2-cre mouse. b) The Direct 
Interaction experiment. c) Performance of amigo2-cre mice with CA2 inhibited compared to GFP 
controls.  d) Inactivation of CA2 does not affect exploration of a novel mouse on trial 2, 
demonstrating that the decrease in interaction time in Trial 2 when the stimulus mouse is novel  
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 Somewhat surprisingly, CA2 does not seem to be necessary for hippocampal dependent 
spatial memory in the Morris water maze, contextual fear memory, amygdala-dependent auditory 
fear memory, or olfactory discrimination, indicating its necessary role in social memory may be 
unique (Hitti & Siegelbaum, 2014).   This data was collected from a chronic manipulation, using 
tetanus toxin to chronically silence CA2, and therefore there could have been long term circuitry 
compensatory changes that led to increased performance on these hippocampal dependent tasks 
that would have been affected by an acute manipulation. A study from (Roman Boehringer, Denis 
Polygalov, Arthur J.Y. Huang, Steven J. Middleton, Vincent Robert, Marie E. Wintzer, Rebecca 
A. Piskorowski, Vivien Chevaleyre, 2017) showed that the same chronic manipulation increases 
excitability of CA3, and leads to changes in the spatial firing properties of both CA1 and CA3, as 
well as an increased likelihood of developing seizures and other abnormal population events.  This 
study also showed that chronic silencing of CA2 leads to slower contextual learning, further 
demonstrating the role of CA2 role in contextual coding.   
 How might dorsal CA2, the region implicated by previous studies in social memory, exert 
its behavioral effects? While most of the projections from dorsal CA2 (dCA2) go to the dorsal 
region of CA1(dCA1), there are substantial projections from dCA2 to the ventral portion of CA1 
(vCA1).  (Meira et al., 2018) inhibited these projections, and saw that this circuit from dCA2 to 
vCA1 is necessary for the encoding of social memories.  Three recent papers have also linked the 
ventral region of hippocampal CA1 vCA1 to social memory, two of which have shown that 
inhibition of vCA1 impairs social memory.  There is some controversy whether the projections of 
vCA1 to the nucleus accumbens (Okuyama et al., 2016) or to the medial prefrontal cortex (Phillips, 
Robinson, & Pozzo-miller, 2019), both of which have been implicated in different roles in social 
behaviors, are necessary for the expression of social memory.  Neurons in vCA1 seem to 
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preferentially code for social familiarity, as the number of neurons that are socially responsive 
increase after an animal is “familiarized” with a conspecific (Okuyama et al., 2016). Socially 
responsive neurons in vCA1 also differentiate between female rats more so than to other male rats 
in a study that recorded the activity of vCA1 while rats explored social stimuli with their whiskers 
(Rao, Heimendahl, et al., 2019).  As females are potential mates for said male rats, differentiating 
between them may be more important than being able to differentiate between male rats, as male 




1.5 The role of CA2 in social aggression 
 Territorial social aggression and dominance structures are common among social animals, 
including mice and humans.  The decision to become aggressive towards a conspecific likely relies 
on social mnemonic information; an animal needs to be able to recall where it is on the dominance 
structure and if it has already encountered the conspecific. Moreover, most animals are more likely 
to mount an aggressive attack against a novel compared to familiar animal (Connor & Lynds, 1977; 
Szenczi, Oxana, & Gro, 2012). Suggestive evidence that CA2 may participate in social aggression 
first came from the finding that AVPR1b knockout mice have decreased levels of aggression 
(Caldwell, Wersinger, & Young, 2008). More direct evidence implicating CA2 came from the 
finding that virally mediated expression of AVPR1b in CA2 and neighboring hippocampal regions 
was able to rescue social aggression (Pagani et al., 2014).  
The importance of CA2 activity in mediating aggression was directly demonstrated by the 
finding of Leroy et al., 2018 that chemogenetic silencing of CA2 caused a decrease in social 
aggression. This study also identified a circuit mechanism for this action involving the strong 
projection of dorsal CA2 to the dorsal part of lateral septum (Figure 1.5). Activation of dorsal 
lateral septum by CA2 resulted in disinhibition of the ventrolateral part of ventromedial 
hypothalamus (VMHvl). Fiber photometry of CA2 activity showed that CA2 increased its activity 
during many different social behaviors, but the CA2 projections to the lateral septum only 
increased their activity during aggressive behaviors (Leroy et al., 2018), suggesting that different 
subgroups of CA2 cells may represent social behavioral state differently.  
The VMHvl is a glutamatergic hypothalamic nucleus that is known to play a major role in 
the generation of aggression towards conspecifics (D. Lin et al., 2011).  Recordings from the 




Figure 1.5. Inactivation of CA2 and its projections to the lateral septum leads to decreased 
aggression.  
a) Cre dependent inhibitory dreadd is injected into CA2 of Amigo-cre mice and their WT 
littermates. b) CNO leads to decrease numbers of mice attacking in the Cre+CNO group, but not 
the other experimental groups c) Injection of CNO into the lateral septum, where there are 
projections from CA2. D) Injection of CNO into the lateral septum of Amigo-cre mice leads to 
decreased numbers of animals attacking. Adapted from (Leroy et al., 2018).  
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types of social interactions with male conspecifics (Falkner, Dollar, Perona, Anderson, & Lin, 
2014). Imaging of populations of cells in the VMHvl show that social behavioral state can be 
decoded from the population activity of the VMHvl, and that the ensembles of active neurons 
become more separated in different behaviors after social experience (Remedios et al., 2017).  An 





1.6 How is CA2 representing social information? 
 Given that CA2 is involved in both social memory and social aggression, and sends 
projections to the aforementioned brain regions that have different social coding, what do I expect 
social coding to look like in CA2? Are these representations of familiar social stimuli observed in 
ventral CA1 inherited from representations in CA2, and are the population responses to social 
behavioral state seen in the VMHvl also seen in CA2? Is there a social “engram” for specific social 
information in CA2, or is there a general signal for social novelty or familiarity?   In Chapters 2 
and 3, I present the results of my experiments that characterize CA2 activity from wild-type mice 
using both population and single cell measures as an animal explores an environment that 
successively contains spatial information alone, novel objects, familiar and then novel social 
stimuli.  I observed coding for multiple aspects of the environment, with the largest deviations in 
firing patterns occurring in the presence of novel social stimuli.  In contrast, I did not observe 
significant coding for location in CA2.  I will also briefly discuss experiments looking at CA2 
activity during aggressive episodes (Chapter 7).  In Chapters 4 and 5 I will describe how alterations 
in CA2 coding properties may contribute to social behavioral deficits in a mouse model of the 





1.7 Social deficits in humans with schizophrenia and mouse models of schizophrenia 
Schizophrenia is a chronic, debilitating neuropsychiatric disorder that is characterized by 
positive symptoms, such as hallucinations and delusions, and negative symptoms, such as 
anhedonia and withdrawal, and cognitive deficits (Kay & Qpjer, 1982).  It has become apparent 
over the last few decades that social cognitive deficits, which affect how one thinks about oneself, 
others, and their respective roles within social interactions, are seen in many neuropsychiatric 
disorders, including schizophrenia. Social cognition deficits are often reported in schizophrenia, 
and it is debated whether these social cognitive symptoms should be classified as a negative 
symptom of schizophrenia or as their own class of symptoms (Sergi et al 2007).  While symptoms 
like hallucinations and delusions are typically the most discussed symptoms of schizophrenia, the 
severity of social cognitive deficits is most strongly linked to quality of life in schizophrenic 
patients (Maat, Fett, & Derks, 2012). 
Studies show that schizophrenia results in impairment in tests of theory of mind (Penn, 
Corrigan, Bentall, Racenstein, & Newman, 1997), which is the ability to attribute mental states to 
oneself and to others, and that concept of self-identity of schizophrenics are less complex and 
elaborated than in normal individuals (Gara, Rosenberg, and Mueller, 1989). Early deficits in the 
social domains, such as tests of theory of mind, predict increased positive symptoms in 
schizophrenia later in life (Jalbrzikowski et al., 2012).  Social symptoms are more likely to persist 
when individuals with schizophrenia are in remission than are other symptoms, and are reported 
to have the largest impact on quality of life (Maat et al., 2012). While classical drug treatments for 
schizophrenia are successful at treating positive symptoms such as psychosis, no current treatments 
are effective at treating the social behavioral deficits, highlighting the need to understand the neural 
circuitry underlying social dysfunction in hopes of developing effective therapies. 
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1.8 The Df(16)A+/- mouse model of the 22q11.2 deletion 
Studies of genetic mutations associated with disease have greatly aided in understanding 
the neural bases of neuropsychiatric disorders.  While there is no one gene that mediates the 
development of schizophrenia, it is estimated that schizophrenia is up to 80% heritable, arising 
from a large network of genetic abnormalities.  Studies focusing on Copy Number Variants 
(CNVs), which are chromosomal microdeletions and/or microduplications that confer high risk for 
schizophrenia, have demonstrated the role of rare de novo mutations in schizophrenia (Rodriguez-
Murillo 2012).   
One such CNV is the 22q11.2 microdeletion (22q11DS), which is a deletion of 35-60 genes 
on chromosome 22 in humans, which is observed in 1 out of 2,000-4,000 live births.  Individuals 
with the 22q11.2 microdeletion, also known as DiGeorge’s and velocardial facial syndrome, have 
about a 30% chance of developing schizophrenia, a 30-fold increase from the general population 
(Karayiorgou, Simon, & Gogos, 2010). While this only accounts for 1-2% of schizophrenia 
diagnoses, the 22q11.2 microdeletion is the only known recurrent copy number mutation 
responsible for introducing new cases of schizophrenia, and is one of the highest known risk factors 
for schizophrenia, second only to having a closely related family member with schizophrenia 
(Murphy et al 1999).  Though some other neuropsychiatric disorders and intellectual disabilities 
are associated with 22q11DS, importantly, individuals with 22q11DS who are diagnosed with 
schizophrenia are indistinguishable from the rest of the schizophrenic population.  
In humans with 22q11DS, social deficits and problematic social behaviors have been 
observed in a number of studies, including lack of ability to read facial expressions (Shashi et al., 
2012), and social withdrawal. Individuals with 22q11DS are often diagnosed with autism as 
children (Vorstman et al., 2006), and lower performance on tasks assessing social competence 
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(Campbell et al., 2011), such as theory of mind (Ho et al., 2012).  Adults with 22q11DS that have 
been diagnosed with schizophrenia also have lower scores on tests of social cognition than adults 
with 22q11DS without a schizophrenia diagnosis (James J. Yi et al, 2016).  
In addition to social deficits, it has been reported that children with 22q11DS have trouble 
finding and interpreting spatial and temporal information, both of which are likely highly reliant 
on intact hippocampal function (Debban, Glaser, Gex-fabry, & Eliez, 2005; Simon, 2008; Wong, 
Riggins, Harvey, Cabaral, & Simon, 2014).  A 4% reduction in hippocampal volume has been 
observed in humans with schizophrenia (Nelson et al 1999), and in humans with 22q11DS changes 
in genes related to synaptic transmission have been observed in the hippocampus (Karayigou 
2010). Studies from post mortem tissue in humans has shown that individuals with schizophrenia 
have a significant loss of nonpyramidal cells in hippocampal CA2, but not in the other hippocampal 
subregions, which would presumably lead to altered excitatory/inhibitory balance, which is a 
commonly discussed potential mechanism for the circuit changes seen in neuropsychiatric diseases 
(Benes et al., 1998; Zhang & Reynolds, 2002). This finding was confirmed and extended in a large 
metanalysis from the Stanley consortium that examined over 200 parameters of hippocampal 
properties and found that the only statistically significant change was a 30% loss of parvalbumin-
positive inhibitory neurons selective for CA2 (Knable et al., 2004) . 
The homologous chromosomal region of human 22q11.2 in the mouse is 16qA13. This 
region is highly conserved, with only one gene present in the human 22q11.2 not present in the 
mouse (clathrin, heavy polypeptide like 1, CLTCL1). Additionally, mice only carry a single copy 
of DiGeorge Critical Region 6 (DGCR6), while humans with 22q11DS have a duplication in this 
gene.  The Df(16)A+/- mouse models the 22q11.2 microdeletion by knocking out the orthologous 
chromosomal region in mice (Stark et al., 2008) (Figure 1.6).  These mice show a number of 
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behavioral deficits that correlate to behavioral deficits seen in humans with schizophrenia, 
including deficits in prepulse inhibition, contextual fear memory, and working memory 
(Karayiorgou et al., 2010).  Moreover,  Df(16)A+/- mice have altered hippocampal-prefrontal theta 
synchrony, which indicate that there are circuit disfunctions that may affect working memory 







Figure 1.6. The genes involved in the human 22q11.2 microdeletion and the Df(16)A+/- mouse 
model of schizophrenia.  
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 The Df(16)A+/- mouse model of the 22q11.2 microdeletion shows an age dependent 
decrease in the number of parvalbumin positive (PV) interneurons in CA2, similar to what is seen 
in humans with schizophrenia (Piskorowski et al., 2016). Perhaps as a compensation for this loss 
of inhibition, CA2 principal neurons become hyperpolarized in this mouse line, likely as a result 
of upregulation of the TREK-1 potassium channel, which is normally highly enriched in CA2 at 
the level of mRNA (Talley, Solorzano, Lei, Kim, & Bayliss, 2001). TREK-1 is a two pore K+ 
channel that is open at the resting potential and helps stabilize neuronal excitability and resting 
potential (Djillani, Mazella, Heurteaux, & Borsotto, 2019).  TREK-1 is blocked directly by the 
serotonin-selective-reuptake inhibitor fluoxetine (Chen, Wang, Rong, Wang, & Wang, 2015), and 
an increase in fluoxetine sensitive current is observed in the Df(16)A+/- mice. Importantly, these 
mice have a profound deficit in social memory (Piskorowski et al., 2016) (Figure 1.7).  While the 
physiological changes in CA2 in the Df(16)A+/- mice have been investigated in vitro, it remains 
to be seen if and how the loss of inhibition and hyperpolarization of the principal cells affect CA2 
firing in vivo and its population representation of spatial and non-spatial cues, including social 
memories, and what role the upregulation of the TREK-1 channel plays in changes in firing seen 





Figure 1.7.  Df(16)A+/- mice have age dependent decreases in PV+ interneurons in CA2 and 
social memory deficits.   
a) Humans with schizophrenia have a significant decrease in nonpyramidal cells in CA2, but not 
the other hippocampal subregions. Adapted from (Benes et al., 1998) b) An age dependent 
decrease in PV+ cells is seen in the Df(16)A+/- mice.  c) Pyramidal neurons in CA2 of Df(16)A+/- 
mice become hyperpolarized along the same time course as the loss of interneurons in CA2.  d) 
There is an increase in fluoxetine sensitive current in the Df(16)A+/- mice, which indicates that 
there is an upregulation of the TREK-1 potassium channel  (e,f) Df(16)A+/- mice show social 
memory deficits in the direct interaction task. Adapted from (Piskorowski et al., 2016). 
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1.9 Aims of the Thesis 
Though the abundance of evidence detailed in the introduction implies that CA2 would 
encode social information, direct neural correlates of social information have yet to be reported in 
CA2.  The goal of the following experiments and analyses were to answer the following questions 
about CA2’s role in social memory:  
 
Chapter 2 &3) Are there neural correlates of spatial, contextual, and/or social  
information in CA2 firing?  
Chapter 4) Are there social encoding deficits in the Df(16)A+/- mouse model 
 of schizophrenia? 
Chapter 5) Can social memory deficits and social encoding deficits be rescued by  
TREK-1 inhibition in the Df(16)A+/- mice? 
 
In Chapters 2 and 3 I explore the firing properties of dCA2 pyramidal neurons in response 
to a number of different stimuli in the three-chamber interaction task (schema in Figure 2.1). In 
Chapter 2 I characterize the spatial firing properties of CA2 compared to CA1 at both the single 
cell and population level when context is held constant or changed.  CA2 has been shown to change 
its firing over time, so I also analyze the change in firing over time in a fixed environment 
compared to the change in firing after context is changed. I then characterize the change in firing 
in response to novel objects, familiar social stimuli, and novel social stimuli in Chapter 3. I find 
that while CA2 responds to some extent to each of these aspects of context, the strongest response 
elicited in CA2 is seen when an animal is interacting with a novel conspecific. 
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Chapter 4 addresses both the social memory deficits and the CA2 social coding deficits 
observed in the Df(16)A+/- mouse model of the 22q11.2 microdeletion. The Df(16)A+/- mice have 
social deficits in multiple tests of social memory.  Surprisingly these mice have improved spatial 
coding in CA2, accompanied by profound deficits in both social and contextual coding, both at the 
single cell and population levels. 
TREK-1 upregulation as a potential mechanism for the firing changes observed in CA2 in 
the Df(16)A+/- mouse model are discussed in Chapter 4.  Decreases in CA2 firing rates are 
observed both in isolated hippocampal slices and in vivo in the Df(16)A+/- mice, potentially due 
to an upregulation of the hyperpolarizing channel TREK-1.  I find that TREK-1 antagonism 
rescues both social memory deficits and the alterations in CA2 spatial and coding properties in the 
Df(16)A+/- mouse model of schizophrenia.  
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Chapter 2. Spatial Coding in CA2 
Many studies of neuronal firing in the dorsal hippocampus focus on the activity of place 
cells (O’Keefe & Dostrovsky, 1971).  Place fields have been observed in CA2, but the firing of 
CA2 cells has less information about the location of an animal than CA1 or CA3 (Lu et al., 2015; 
Oliva, Fernández-Ruiz, et al., 2016). The place fields in CA2 are also unstable over time (Mankin 
et al., 2015), and remap their location after the addition of a novel or social stimulus to an 
environment (Alexander et al., 2016). In this chapter I investigate the spatial firing properties of 
CA2 compared to CA1 during a three-chamber task where different novel and social stimuli are 
added into an environment. It has also been shown that areas of the hippocampus in which 
individual neurons  have less precise spatial firing than dorsal CA1 and CA3, such as ventral CA1 
(Keinath et al., 2014) and the dentate gyrus (Stefanini et al., 2018), may still contain as much 
information about the location of an animal at the population level as dCA1 and dCA3. I thus also 
analyzed the ability to decode the location of an animal from CA2 population activity. 
2.1 CA2 has lower spatial information than CA1 during the three-chamber task 
     I characterized CA2 firing as mice investigated various social and non-social stimuli by 
performing in vivo extracellular electrophysiological recordings from dorsal CA2 and CA1 
pyramidal neurons during a three-chamber social interaction task (Figure 2.1a). In the task a mouse 
interacts sequentially with: 1) an empty three-chamber environment; 2) two identical novel objects 
(wire cup cages; objects session), one in each side chamber; 3) two littermates as familiar social 




Figure 2.1. Hippocampal firing in the three-chamber interaction task. 
 (a) The three-chamber interaction task. In five 10-min sessions mice explore: 1) their spatial 
environment (habituation to empty chambers), 2) novel objects (an empty wire cage cup in each 
side chamber), 3) two familiar social stimuli, Littermate 1 (L1) and Littermate 2 (L2) present in 
the cup in each chamber (familiar session 1 or fam1), 4) a novel mouse (N)  is present in one cup 
and a remaining littermate is present in the other cup (novel session), 5) return to the two original 
familiar mice, L1 and L2 (familiar session 2; fam2). (b) Example CA2 place cell heat maps (top), 
showing mean firing rate at each location was unstable among sessions. Bottom, single spikes (red 
dots) on top of trajectory trace (gray). Maximum firing rates in sessions 1-5 were: 7 Hz, 7 Hz, 9 
Hz, 9 Hz, 5 Hz, respectively. (c)  Example CA2 neuron that was nearly silent in non-social sessions 
1 and 2, and became active in social sessions 3-5. Maximum firing rates in sessions 1-5 were: 1 
Hz, 2 Hz, 15 Hz, 22 Hz, 10 Hz. (d) Example CA1 cell showing stable place field maps throughout 
all sessions. Maximum firing rates in sessions 1-5 were: 1 Hz, 5 Hz, 7Hz, 4 Hz, 4 Hz. (e, f) Example 
firing of a CA2 cell during four 10 min successive sessions of a 40 min habituation period to the 
empty chambers. Maximum firing rates in sessions 1-4 were: 19 Hz, 34 Hz, 13 Hz, 19 Hz. 
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one of the familiar mice and one of the two littermates (novel session); and 5) the novel mouse 
replaced by the previous littermate (familiar session 2).  
I found that CA2 neurons showed only weak spatially selective firing as an animal explored 
the three-chambers, consistent with previous reports under different behavioral conditions 
(Alexander et al., 2016; Lu et al., 2015; Mankin et al., 2015; Oliva, Fernández-Ruiz, et al., 2016). 
CA2 place fields were large and diffuse (Figure 2.1), with a typical neuron exhibiting multiple 
firing fields, which are less spatially selective than CA1 fields in the three-chamber task (Figure 
2.2). This is in contrast to the more spatially precise firing of CA1 pyramidal neurons in the same 
task (Figure 2.1d). Analysis of mean data from 192 CA2 neurons from 6 animals and 87 CA1 
neurons from 3 animals confirmed that CA2 PNs have more place fields per cell (CA2 = 2.61 ± 
0.12 fields; CA1 = 2.0 ± 0.15). fields; p=0.02, paired t-test), larger place fields (CA2=107.3 ± 10.1 
pixels; CA1=62.94 ± 5.96 pixels; p=0.04, paired t-test), and lower spatial information scores (CA2 
= 0.42 ± 0.02 bits/spike; CA1 = 0.60 ± 0.09 bits/spike; p < 0.001, paired t-test) than CA1 in the 
three-chamber task. This is in agreement with previous studies comparing CA2 firing properties 
to those of CA1 in an open field (Lu et al., 2015; Mankin et al., 2015; Oliva, Fernández-Ruiz, et 
al., 2016).  The number and size of CA2 place fields, along with the amount of spatial information, 
did not vary from session to session in the three- chamber task (Figure 2.2). A higher percentage 
of CA2 spikes occurred in bursts during the sessions were a novel object or novel social stimulus 
was added into the environment, indicating that CA2 may change its mode of firing in the presence 
of these stimuli, similar to the slice results seen by (Tirko et al., 2018), which showed that the 






Figure 2.2. Single cell spatial firing measures do not differ in CA2 in the different sessions of 
the three-chamber interaction task.  
(a-d) Single cell spatial measures are not significantly different in WT CA2 during the different 
sessions of the three-chamber interaction task, with the exception of (e) the burst index (number 
of spikes in bursts defined as at least 3 spikes within a <6 millisecond interspike interval (Harris, 
Hirase, Leinekugel, & Henze, 2001), which is significantly higher when both the novel objects 




2.2 CA2 spatial firing is less stable than CA1 in the three-chamber task, but not the 
habituation task. 
In addition to the decreased spatial information compared to CA1, CA2 place fields were 
less spatially stable across the different sessions of the three-chamber task in comparison to CA1. 
This is evident in both individual cell firing plots (Figure 2.1 b-d), and in measurements of 
Pearson’s correlation values (r) of place fields between different sessions (Figure 2.3 a, c). Of 
interest, CA2 spatial firing was significantly more stable during a 40-minute-long habituation 
session to the empty three-chamber arena, suggesting that the instability across the different task 
sessions is related to alterations in the content of the chambers (Figure 2.1, Figure 2.3).   
It has been suggested that CA2 spatial firing becomes more stable after the addition of a 
social stimulus (Alexander et al., 2016), which would imply that spatial firing patterns would be 
more similar between sessions with the same social stimuli.  However, I found that the spatial 
correlation between the two familiar mice sessions (sessions 3 and 5), which contain the same 
social stimuli at the same locations, was no greater than the spatial correlations between the object 
and familiar social sessions (sessions 2 and 3), or the novel and familiar social sessions (sessions 
3 and 4) (familiar versus familiar sessions correlation:  r = 0.21 ± 0.22; novel objects versus 
familiar social sessions: r = 0.23 ± 0.24; familiar versus novel social sessions: r = 0.25 ± 0.27; 
p>0.05 in all comparisons, paired t-tests). These results indicate that any spatially stable 




Figure 2.3.CA2 spatial firing is unstable during the three-chamber interaction task. 
(a) Plot of Pearson’s correlation (r) between place field maps in successive sessions for CA2 and 
CA1 neurons. Thin traces show individual animals and thick traces show means. Error bars show 
SEM. CA2 firing is less stable than CA1 firing (paired t-tests with Bonferroni correction for 
multiple comparisons; p = 0.02, 0.006, 0.003, 0.009). (b) Place field correlations among four 10-
min habituation sessions. (c) Color-coded spatial correlations between each pair of sessions for 
CA2 and CA1 neurons in three-chamber task and for CA2 neurons during habituation.  
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2.3 CA2 does not code for location during the three-chamber task at the population level 
Several studies over recent years have shown that populations of neurons may accurately 
encode aspects of an environment even if individual neuron firing properties do not. Thus, place 
fields in dentate gyrus (Stefanini et al., 2018) and ventral CA1(Keinath et al., 2014), which have 
lower spatial information content compared to dorsal CA1 neurons, can nonetheless encode 
position at the population level as accurately as dorsal CA1.  To examine whether this was the case 
for dorsal CA2 pyramidal neurons,  I trained a set of support vector machines (SVM) (Barak, 
Rigotti, & Fusi, 2013; Rigotti et al., 2013; Saitta, 1995) with a linear kernel to decode the position 





Figure 2.4 Position cannot be decoded from CA2 population activity.  
(a) Position decoding accuracy by an SVM with a linear kernel from CA2 and CA1 population 
data in three-chamber task compared to chance performance. Only CA1 decoding performed above 
chance (p<.0001, Wilcoxon rank-sum Test). (b) Example position traces (black) and predicted 
location (red) for CA2 and CA1 SVM decoding (smoothed for visualization). Location plotted 
relative to center of three-chamber environment.  
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I failed to accurately decode position of the animal in the environment using CA2 
population activity during any of the sessions in this experiment (Figure 2.4, Figure 2.5). I also 
failed to decode position during the 40 min habituation session to the empty chambers from CA2 
activity, indicating that the poor spatial decoding was not caused by repeated changes in context 
(Figure 2.5), though I could decode the location of the animal when I trained the decoder on the 
whole habituation session (35 min of training data, 5 min of test data). In contrast, a decoder based 
on CA1 activity accurately decoded an animal’s location in all sessions of the three-chamber task 
(Figure 2.4; Figure 2.5).  These results were not due to differences in average velocity or amount 




Figure 2.5. Position cannot be decoded from CA2 activity from the 10 minute session.  
(a) CA1 population activity decodes for position significantly better than chance in all sessions of 
the three-chamber while (b) position cannot be decoded in any of the sessions in either the 3 
chamber or the 40-minute habituation session. (c) Position can be decoded from CA2 data when 




Figure 2.6. Differences in decoder performance weren’t due to differences in activity or 
number of cells. 
(a, b) There are no statistically significant differences in average velocity or path length between 
the different experimental groups (ANOVA).  (c) Even with high number of cells compared to 





2.4 CA2 codes for context at the population level, and has more information about context 
than CA1 
Previous studies have shown that CA2 firing is sensitive to contextual change (Wintzer, 
Boehringer, Polygalov, & McHugh, 2014), which could account for the instability of CA2 spatial 
representations across the five sessions of the  task. To assess whether CA2 encodes significant 
contextual information, I asked whether a linear decoder trained on CA2 population activity in 
each of the five sessions was able to predict in which session an animal was engaged. Although 
CA2 activity failed to decode position, it was able to decode session identity significantly better 
than chance. Of further interest, the CA2-trained decoder performed significantly better in 
predicting task session than a decoder based on CA1 firing (Figure 2.7). These results imply that 






Figure 2.7. CA2 codes for context at the population level, and has more information about 
context than CA1.  
(a) SVM decoder performance for identifying the particular session in which a mouse was engaged 
for all sessions in the three-chamber task or during empty chamber habituation (hab). Decoder 
trained on CA2 (dark red) or CA1 (dark grey) firing, performed significantly better than chance 
(light shaded bars): CA2, p < 0.001; CA1, p < 0.01 ) CA2 session decoding accuracy was 
significantly greater than CA1 (p < 0.01, Wilcoxon rank-sum test). Decoder trained on CA2 
activity was also able to predict habituation session better than chance (p=0.03), although accuracy 
of decoding habituation sessions was significantly less than that for three-chamber sessions 
(p<0.01).  The ratio of performance over chance was significantly higher  in the three chamber  as 
well  (three chamber=  2.1 +- 0.09, habituation=  1.2 +- 0.06), p=0.002) (g) CA1 and CA2 color-
coded decoding accuracy for all possible session pairs in three-chamber task.   
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The ability of CA2 activity to distinguish among the different sessions could reflect a 
specific difference in content between successive sessions (e.g. addition of non-social and social 
cues) and/or it could reflect a change in activity patterns reflecting the passage of time, independent 
of content changes. To distinguish between these possibilities, I also trained a decoder on the 4 
sessions of the habituation to compare performance with that of the decoder trained on the three-
chamber data. The session decoder trained on the data from the three-chamber task performed 
significantly better than the session decoder trained on data from the four sessions of the 
habituation task (Figure 2.8). This implies that the increase in decoder performance is due to the 
changes in context, not just changes in firing over time.   
 In this chapter I have demonstrated that at the single cell level, CA2 has less spatial 
information at the single cell level than CA1 during the three-chamber interaction task.  CA2 
spatial firing is also significantly less stable than that of CA1 during the three-chamber, and less 
stable during the three-chamber than when stimuli aren’t added into the environment.  
Surprisingly, location of the animal in the environment cannot be decoded from CA2 population 
activity under the conditions of my experiments, whereas position could be decoded from CA1 
firing under the same conditions. In contrast, context can be decoded from CA2 population 
activity, and the contextual decoder performance is higher when trained on CA2 data compared to 
CA1 data.  Thus, I conclude that CA2 is not representing location of an animal with the same level 
of resolution as CA1, but that CA2 neural activity does have significant information about changes 
in context, which exceeds that of CA1.  
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Chapter 3. CA2 social coding in the three-chamber interaction task 
CA2 is necessary for the behavioral expression of social memory (Hitti & Siegelbaum, 
2014; Meira et al., 2018), and it has been shown that CA2 place field firing spatially remaps in the 
presence of social stimuli (Alexander et al., 2016).  What remains unknown is whether and how 
CA2 is coding for social stimuli.  In this chapter I examine the social coding properties of CA2, 
both in terms of activity response to the presence of a social stimulus into an environment and 
during time periods where the animals are interacting with either novel or familiar social stimuli.  
3.1 A subset of CA2 cells increase their firing rate in the presence of a social stimulus. 
I asked whether the presence of a social stimulus altered CA2 firing rate. Although I saw 
no significant difference in mean firing rate among the different sessions (ANOVA, p=0.8089), 
the normalized firing rate in each session is significantly different (ANOVA p=0.0004). There 
were no significant differences in either the mean or normalized firing rates for the population of 
CA1 neurons among the different sessions (ANOVA p=0.29). Interestingly around 20% of 
individual CA2 neurons showed a significant increase in normalized firing rate during the social 
sessions compared to the non-social sessions. The z-scored firing rates of these neurons increased 
by a factor of 2 or more in session 3 (two familiar mice) compared to the firing rates in either 
session 1 (habituation) or 2 (empty cups). Moreover, about 12/40 of cells that were active in the 
social sessions were silent or nearly so in the non-social sessions (firing rates more than 2 SD 
below the population mean, firing rate < 0.007 Hz). In contrast, only 1.6% of CA2 neurons were 
significantly more active during the non-social sessions than the social sessions, and none of these 
cells was silenced during the social sessions. In contrast, only 2/87 cells in CA1 significantly 
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increased their firing rate from the non-social sessions to the social sessions, while 3/87 fired 
significantly more during the non-social sessions. Next, I compared the change in normalized CA2 
neuron firing rates between the habituation session and the session with novel objects to the change 
in firing rates of the same CA2 neurons between the habituation session and the three sessions 
with social stimuli. Although there was a significant increase in normalized firing rates to both 
novel objects and social stimuli, relative to the habituation trial firing rate, the increase was 
significantly greater to social stimuli compared to the novel objects (Figure 3.1). These results 





Figure 3.1.  A subset of CA2 cells significantly increase their firing from the non social to the 
social sessions. 
 (a) An example cell. (b) The cells that show an increase in firing >zscore of 2 from the social 
sessions (40/192 cells) (c) 6% of CA2 cells are silent (>2 std from the median firing rate, less than 
.007 hz) in the non-social sessions, and then begin to fire in the social sessions. (d) Change in 
normalized firing rate from the habituation session to the social sessions (top) and the novel object 
sessions (bottom). The vectors of differences are significantly different from one another 




3.2 CA2 encodes social novelty 
My above results indicate that CA2 firing is sensitive to the presence of a social stimulus. 
To determine whether CA2 may encode more specific social information that could contribute to 
social memory, I focused on the firing activity while animals were within 10 cm of the different 
social stimuli, referred to as the interaction zone (Figure 3.2a).  Of note, CA2 activity during 
exploration in the interaction zone around a novel animal was significantly greater than the activity 
when a familiar animal was present at the same location (novel z-scored firing rate = 0.83 ± .06, 
familiar z-scored firing rate = -0.26 ± .04; Mann Whitney U<.0001) (Figure 3.2). Some CA2 PNs 
maintained an increase in firing around the novel animal throughout a given social session, 
whereas some neurons showed an increase in firing only during the initial encounters with the 
novel animal (Figure 3.2b). Moreover, this increase in firing rate was not observed in CA1 (Figure 
3.2c), confirming a recent study (Rao, Heimendahl, et al., 2019). This indicates that not only does 
CA2 respond to a social stimulus but that CA2 firing rate increases further in the presence of social 
novelty and this effect is subfield specific, consistent with the importance of dorsal CA2 (Meira et 






Figure 3.2. CA2 codes for novel social information.  
 (a) CA2 firing rate when the animal was within a 10 cm interaction zone around the same cup 
(and same chamber) that contained the novel animal for all three social sessions. (b) Z-scored 
firing rate in the interaction zone over the time course of the three social sessions for all 192 
neurons (Interactions times were divided into 50 bins and firing rate was calculate for each bin and 
smoothed to visualized CA2 activity over the course of an interaction). The population firing rate 
vector around the novel animal differs significantly from the familiar firing rate vector (p<0.0001, 
Wilcoxon rank-sum test). The familiar session 1 firing rate vector does not differ from the familiar 
session 2 vector (p>.05, Wilcoxon rank-sum test). (c) CA1 does not increase its firing rate around 
novel social stimuli. (d) Plot of firing rate in the interaction zone around the novel social stimulus 
versus the familiar social stimulus (the latter averaged across the two familiar sessions). Each point 
is a separate cell.  None of the CA1 firing rate vectors in the interaction zone are significantly 
different from one another. Normalized firing rates are shown to the left. 
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Is the increase in CA2 firing specific for social novelty or does CA2 firing also increase 
around a novel object?  As the wire cup cages were novel to the mice, I examined this question by 
comparing CA2 firing around the empty cups (session 2) compared to firing at the same location 
in the empty arena (session 1).  I found that CA2 firing was slightly elevated as mice explored the 
novel objects (cup z-scored firing rate = 0.40 ± 0.06; familiar z-score firing rate = -0.26 ± .04; 
p<0.01, Wilcoxon rank-sum test). However, the increased firing around a novel object was 
significantly less than the increase around the novel mice (p=0.009, Wilcoxon rank-sum test) 
(Figure 3.3). Thus, although CA2 firing rate may increase to both social and non-social novel 





Figure 3.3. CA2 also responds to object novelty, but to a lesser degree than social novelty. 
(a) Normalized firing rate across the different sessions for the population of cells from each of the 
7 WT animals. The strongest novelty responses are driven by 1 animal in the data set (in yellow), 
which was removed from the following analyses because of abnormal behavior during session 2. 
(b) Boxplots of mean activity for each animal.  Activity in the interaction zones was significantly 
different in the different session (Kruskal Wallis p<0.0001).  Responses around the object are 
significantly higher around the object than in the habituation (Mann Whitney U<0.05), but not 
significantly higher than the familiar social sessions.  Activity around the novel social stimuli is 
significantly higher around the novel social stimuli than the novel object (z-scored firing rates 0.83 
+- 0.06, 0.19 +-0.08 respectively , Mann Whitney U<0.05).  (c) Cumulative Distributions of firing 





3.3 CA2 codes for social novelty, but not familiarity, at the population level. 
I also examined whether it was possible to decode the presence of a familiar versus a novel 
mouse from CA2 activity within the interaction zone. I trained a linear decoder on CA2 activity in 
the interaction zones in the social sessions 3 through 5.  I first focused on CA2 activity in a single 
interaction zone, around the cup that contained the novel animal in session 4, allowing me to 
compare activity around a constant location. CA2 population activity was able to accurately 
decode and distinguish between social interactions with the novel versus familiar mouse in the 
three successive sessions. In contrast, social novelty could not be decoded from CA1 population 
activity (Figure 3.4). In contrast to its ability to distinguish a novel from a familiar animal, CA2 
activity could not accurately decode interactions with the same familiar mouse in the two familiar 
sessions (that is, it could not decode interaction zone in session 3 from session 5). This result is 
important as it confirms that CA2 responses to social novelty were driving decoder performance 
rather than drift in CA2 firing patterns over time. It may also imply that CA2 does have some 
consistent representation for familiar animals that was not obvious at the single cell level, but was 







Figure 3.4. CA2 population activity distinguishes between novel and familiar mice.  
(a) Data is taken from the interaction zone where the novel social stimulus will be (b) A linear 
decoder trained on CA2 activity in the interaction zone performed significantly above chance in 
decoding interactions with a novel mouse (data from session 4) versus interactions with the 
familiar mouse (data from sessions 3 and 5; p < 0.0001, Wilcoxon rank-sum test). The CA2-based 
decoder failed to decode interactions with the same familiar mouse in session 3 (fam1) versus 
session 5 (fam2). A decoder based on CA1 activity failed to distinguish interactions between the 
novel and familiar mouse. (c,d) A linear decoder trained using CA2 firing in both interaction zones 
a in a single session to determine whether a mouse was interacting with the left or right cup. 
Activity in the 2 interaction zones could be distinguised in all sessions significantly above chance 
(p < 0.001, Wilcoxon rank-sum test). Decoding accuracy was significantly greater in the novel 
mouse session (session 4) than the other three sessions (p < 0.01, Wilcoxon rank-sum test).  
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As a further probe of social coding properties, I determined whether a decoder can 
discriminate in a single session whether a subject mouse was exploring within the interaction zone 
around the cup in the left chamber versus the cup in the right chamber for the non-social empty 
cups session, where there is only left-right spatial information. I then compared the performance 
of this decoder to one trained to discriminate left from right interaction zones in the three social 
sessions (Figure 3.4 c, d). In all sessions the decoder was able to distinguish between the left and 
right interaction zones significantly better than chance. This suggests that CA2 firing may contain 
some low-resolution spatial information that can decode left from right, even if it fails to decode 
precise location (although it is difficult to disambiguate if CA2 is coding for left-right position or 
if the ability to decode the 2 objects reflects CA2 encoding the objects differently). Of particular 
interest, left-right interaction zone decoder performance was significantly enhanced in the novel-
familiar mice session compared to the objects session or the sessions with two familiar mice 
(Figure 3.4d), consistent with the view that CA2 encodes social novelty. The fact that decoder 
performance was similar when there were two identical empty cups or two cups with familiar but 
different mice indicates that CA2 may selectively encode social novelty rather encoding familiar 
mouse identity.  
To further explore whether CA2 neurons can distinguish two familiar mice, I measured the 
weighted distance of each spike event relative to the locations of the two mice. However, I failed 
to observe a significant number of neurons that fired preferentially around either of the familiar 
mice in sessions 3 and 5 (Figure 3.5), unlike the findings of specific social representations in 
ventral CA1 (Okuyama et al., 2016; Rao, von Heimendahl, Bahr, & Brecht, 2019), further 




Figure 3.5 CA2 neurons do not consistently increase their firing rate during repeated 
presentations of familiar mice. 
Adapted from (Okuyama et al., 2016) Calculation of preference index for familiar animals in 
sessions 3 and 5. In brief, a preference index was calculated for each cell where Preference Index 
= (average distance from L1- average distance from L2)/(average distance from L1+average 
distance from L2). Example preference indices for all the cells from 1 animal. This preference 
index was compared to 10,000 imaginary neurons created from shuffled data. Black lines represent 
standard deviations from the mean (red line). Only 1 CA2 PN showed significant (>95 % 




 In this Chapter I have demonstrated that CA2 increases its firing rate when social stimuli 
are added into an environment, and that this is driven by a subset of CA2 cells, some of which are 
initially near silent during the non-social sessions of the task.  CA2 mean firing rate is increased 
during interactions with novel stimuli compared to familiar stimuli, and CA2 activity can 
successfully decode interactions with a novel versus a familiar animal.  Surprisingly, I do not see 
evidence of a social “engram” for familiar social stimuli in CA2, although these experiments, 
because of the limited number of neurons examined, do not rule that out as a possibility. 
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Chapter 4. Altered CA2 firing the Df(16)A+/- mouse model of 22q11DS 
If the firing properties of CA2 neurons described above are relevant for social memory, I 
might expect CA2 activity to be altered in models of neuropsychiatric disease with known deficits 
in social memory. To test this possibility, I recorded the activity of 128 CA2 neurons during the 
three-chamber task from 5 Df(16)A+/- mice, a genetic model of the human 22q11.2 deletion 
syndrome (Figure 4.1a), which confers a 30-fold increased risk of developing schizophrenia 
(Karayiorgou et al., 2010; Stark et al., 2008). These mice were previously found to have a deficit 
in social memory that is associated with a late developmental decrease in density of PV+ inhibitory 
neurons within CA2 (Piskorowski et al., 2016), similar to findings in humans with schizophrenia 
and bipolar disorder (Benes et al., 1998; Knable et al., 2004; Zhang & Reynolds, 2002). Recordings 
from CA2 pyramidal neurons in the Df(16)A+/- mice have documented two main functional 
alterations compared to wild-type mice (Piskorowski et al., 2016). First, there is a 30% decrease 
in the magnitude of feedforward inhibition recruited by stimulation of the CA3 Schaffer collateral 
inputs to CA2, which form synapses on CA2 apical dendrites in stratum radiatum. In contrast there 
is no change in feedforward inhibition in response to activation of the direct entorhinal cortical 
performant path inputs to CA2, which terminate on the distal CA2 dendrites in stratum lacunosum 
moleculare. Second there is a 5 mV negative shift in the CA2 pyramidal neuron resting potential. 
This hyperpolarization is likely the result of the upregulation of the TREK-1 two-pore-domain K+ 
channel as voltage clamp recordings reveal an increase in a fluoxetine-sensitive outwardly 
rectifying potassium current in CA2, a signature of TREK-1. Here I used in vivo 
electrophysiological recordings from CA2 neurons in Df(16)A+/- mice to assess how the loss of 
inhibition and the commensurate hyperpolarization of the CA2 pyramidal neurons in these mice 
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manifest in changes in in vivo firing patterns and whether these alterations may contribute to the 
social memory deficits in these mice.   
4.1 Df(16)A+/- mice show altered spatial and contextual firing  
I found CA2 neuron mean firing rate was significantly decreased in the Df(16)A+/- mice 
compared to WT mice during exploration in the three-chambers (Figure 4.1 b), consistent with 
CA2 pyramidal neuron hyperpolarization. Surprisingly, I also found that the spatial coding 
properties of CA2 were significantly enhanced, resembling the more typical spatially-selective 
coding characteristic of CA1 or CA2 when context isn’t altered (Figure 4.1, also see Figure 2.1). 
Df(16)A+.- mice had fewer place fields per cell, which were more selective and had more spatial 
information (bits/spike) than WT CA2.  Df(16)A+/- mice also had larger fields than the WT mice, 






Figure 4.1. Df(16)A+/- mice have altered spatial properties compared to WT mice, and these 
alterations are reversed by spadin. 
 (a) Example CA2 firing from WT animals, Df(16)A+/- animals, and Spadin treated Df(16)A+/- 
animals.(b) Df(16)A+/-  CA2 pyramidal neurons have a lower overall firing rate than WT CA2 
pyramidal neurons.  Spadin increases the firing rate in the Df(16)A+/- mice.  Df(16)A+/- CA2 PNs 
have (c) fewer place fields per cell, (d) which are smaller. These place fields are (e) more selective 
and (f) have higher spatial information.  Df(16)A+/- mice treated with spadin aren’t significantly 
different from WT mice in any measure except (b) number of fields, where they still have 













WT 1.73 0.1322 p=0.02 p=0.02 p=0.01 p=0.57 
Df(16)A+/- 1.3 0.1206 










 WT    2.8067     0.0778 p<0.0001 p<0.0001 p<0.0001 p=0.26 
Df(16)A+/-    1.8923     0.0783 
Spadin    3.0703     0.1115 
 







WT 36.67 .8583 p=0.0009 p=0.02 p=0.02 p=0.73 
Df16)A+/- 40.24 1.206 
Spadin 36.16 1.258 
 







WT 10.61 0.9467 p=0.0009 p=0.02 p=0.02 p=0.80 
Df(16)A+/- 13.96 1.044 
Spadin 10.24 0.8526 
 







WT .5453 .0509 p=0.01 p=0.008 p=0.03 p=0.76 
Df(16)A+/- .7365 .0492 
Spadin .5699 .05173 
 
Table 4.1. Spatial properties of the different experimental groups.  
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There was a significant increase in the stability of CA2 neuron spatial firing across the 
sessions of the three-chamber task in Df(16)A+/- mice (Figure 4.2). The increase in place field 
stability was not due to the increase in field size, as the y-axis intercept of the regression line for a 
field size versus stability plot (Giocomo et al., 2011) was significantly higher for Df(16)A+/- 
animals (Df(16)A+/- = 0.29 ± 0.032; WT = 0.15 ± 0.028, p < 0.001, ANCOVA).  Finally, spatial 
location could be determined significantly better than chance by a decoder trained on CA2 PN 
population activity in the Df(16)A+/- mice (Figure 4.3), unlike spatial decoder performance based 
on CA2 activity of WT mice, from which location could not be decoded. In contrast to the 
enhanced spatial decoding abilities of CA2 firing in Df(16)A+/-  mice, the ability of CA2 activity 
to decode for session was significantly worse than in WT mice (Figure 5.1), implying a deficit in 






Figure 4.2. Df(16)A+/- mice have more stable spatial firing in CA2, and this increase in 
stability is abolished by spadin.  
(a,b)  Place  field  stability  between pairs  of sessions  consecutive  sessions  (a) and all sessions 
(b) in wild-type mice compared to Df(16)A+/- mice in the  absence and presence  of  spadin.    
Df(16)A+/- have  significantly  more stable fields between each of the sessions  (paired t-tests with 







Figure 4.3. Position can be decoded from Df(16)A+/- CA2 activity, but not from spadin 
treated animals.   
(a,b) Position of the animal can be decoded significantly better than chance (p < 0.001, Wilcoxon 
rank-sum test) from Df(16)A+/- CA2 population activity. Spadin decreases the accuracy of 
position decoding (p < 0.01, Wilcoxon rank-sum test) to chance levels.  
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4.2 Df(16)A+/- mice have CA2 social coding deficits compared to WT mice. 
Next I examined whether social coding properties of CA2 were also altered in Df(16)A+/- 
mice. I found a substantial and consistent impairment in the ability of CA2 to encode social novelty 
in these mice using the approaches described above, including a failure of CA2 neurons to show 
the normal increase in firing around a novel social stimulus (Figure 5.5; compare with Figure 3.1).  
Moreover, the population vector for the activity around the novel social stimulus was not 
significantly different from the population vector for activity around the familiar social stimulus 
(Figure 5.5) in contrast to the significant difference in WT mice (Figure 3.1).  
Next, I trained a linear decoder using CA2 population activity from Df(16)A+/- mice 
recorded in the three social sessions within the interaction zone around the same cup that contained 
the novel mouse, as described above for wild-type mice. Similar to findings in wild-type mice, the 
decoder was able to discriminate whether an animal was interacting with the novel versus familiar  
mouse (p < 0.05, Wilcoxon rank-sum test). Of interest, the decoder was now also able to 
discriminate interactions with the same familiar mouse in the two familiar mice sessions (session 
3 versus session 5; p<0.05), whereas in wild-type mice the decoder failed to perform above chance. 
Importantly, the ability of the decoder to discriminate interactions with the novel versus familiar 
mouse was not significantly greater than its ability to discriminate interactions with the same 
familiar mouse in the two familiar mice sessions (Figure 5.5). Thus I conclude that CA2 pyramidal 
neurons in Df(16)A+/- mice have a deficit in the encoding of social novelty.  
In this chapter I have demonstrated that Df(16)A+/- mice have social encoding deficits in 
the three-chamber interaction task. Df(16)A+/- CA2 activity does not encode social novelty, as 
CA2 in wild-type mice does, at either the single cell or population level.  Furthermore, Df(16)A+/- 
mice seem to have contextual coding deficits compared to WT CA2.  Surprisingly, Df(16)A+/- 
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CA2 activity has more information about the location of the animal than WT CA2 does, both at 
the single cell and population level.    Place fields in CA2 of Df(16)A+/- mice are significantly 
more stable over the course of the three-chamber task, and position can be decoded from 
Df(16)A+/- CA2 population activity, unlike that of wild-type mice.  This implies that there may 
be some sort of improper integration of non-spatial inputs in CA2 of the Df(16)A+/- mice that lead 




Chapter 5. TREK-1 inhibition rescues social memory and CA2 social coding 
deficits in Df(16)A+/- mice 
Recordings from CA2 pyramidal neurons in the Df(16)A+/- mice have documented two 
main functional alterations compared to wild-type mice (Piskorowski et al., 2016). First, there is a 
30% decrease in the magnitude of feedforward inhibition recruited by stimulation of the CA3 
Schaffer collateral inputs to CA2, which form synapses on CA2 apical dendrites in stratum 
radiatum. In contrast there is no change in feedforward inhibition in response to activation of the 
direct entorhinal cortical performant path inputs to CA2, which terminate on the distal CA2 
dendrites in stratum lacunosum moleculare. Second there is a 5 mV negative shift in the CA2 
pyramidal neuron resting potential. This hyperpolarization is likely the result of the upregulation 
of the TREK-1 two-pore-domain K+ channel as voltage clamp recordings reveal an increase in a 
fluoxetine-sensitive outwardly rectifying potassium current in CA2, a signature of TREK-1 (Chen 
et al., 2015). It remains unknown how the loss of inhibition and the commensurate 
hyperpolarization of the CA2 pyramidal neurons in these mice manifest in changes in in vivo firing 
patterns and whether these alterations may contribute to the social memory deficits in these mice.  
I therefore examined whether the alterations in CA2 firing properties and the deficit in social 
memory seen in Df(16)A+/- mice could be rescued by pharmacological blockade of TREK-1 with 
its selective peptide antagonist spadin (Borsotto et al., 2015) or by downregulation of TREK-1 




5.1 Spadin rescues altered CA2 spatial firing  
Remarkably the changes in CA2 spatial and contextual firing properties detailed in Chapter 
4 were rescued when Df(16)A+/- mice were injected intraperitoneally with 0.1 ml of 10-5 M spadin 
30 min prior to testing. In contrast injection of a control group of Df(16)A+/- mice with saline, the 
spadin vehicle, had no effect (Figure 8.2). Compared to untreated Df(16)A+/- mice, CA2 neurons 
in spadin-treated Df(16)A+/- mice had more plentiful but smaller place fields (Figure 4.1), similar 
to what is seen in wild-type animals. Spadin administration also increased mean firing rate 
throughout the session to wild-type values (Figure 4.1), consistent with the idea that the decreased 
firing rate in Df(16)A+/- mice was caused by TREK-1 upregulation. Notably, spadin decreased 
spatial information of CA2 PNs (Figure 4.1, Table 4.1) and decreased the spatial stability across 
sessions (Figure 4.2), so that the CA2 firing more closely resembled CA2 properties in WT mice. 
In addition, spadin decreased position decoding performance to chance levels (Figure 4.3), while 
spadin administration also increased session decoding accuracy, rescuing the normal contextual 






Figure 5.1. Df(16)A+/- show impaired contextual coding compared to WTs, which is rescued 
by spadin.   
(a, b) CA2 Decoding for session (context) is impaired in Df(16)A+/- mice compared to wild-type 
mice (p < 0.01, Wilcoxon rank-sum test), although it is  still significantly greater than chance (p < 
0.05, Wilcoxon rank-sum test); treatment with spadin significantly increased session decoding 
performance ( p < 0.01, Wilcoxon rank-sum test).  
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5.2 TREK-1 inhibition rescues social memory deficits in Df(16)A+/- mice  
If the social memory deficit in the Df(16)A+/- mice was related to TREK-1 upregulation in 
CA2, I would expect that spadin would also rescue this deficit. Indeed, injection of spadin 30 
minutes prior to testing increased social memory performance to levels of wild-type mice in the 
direct interaction test of social memory (Figure 5.2) and in a social memory behavior in the three-
chamber task (Figure 5.4). The hippocampal dependent social memory behavior in this version of 
the three-chamber task is the ability to recall that littermate 1 (L1) is a familiar animal in the fifth 
session of the experiment, as there is no delay between sessions 3 and 4 and thus recalling that L2 
is familiar is not hippocampal dependent (Kogan, Frankland, & Silva, 2015). 
To determine whether the effect of TREK-1 inhibition with spadin to rescue social memory 
resulted from a specific action in CA2, I injected a TREK-1 dominant negative virus (Trek-1 DN) 
in CA2 to decrease TREK-1 current selectively in this region. To further limit expression to CA2 
I used an AAV2/5 serotype, which has a natural tropism to infect CA2 (Pasquale et al., 2003) 
Df(16)A+/- animals injected with TREK-1 DN (Voloshyna et al., 2008) AAV2/5 in CA2 showed a 
significant decrease in interaction time in trial 2 of the direct interaction task, indicating improved 
social memory, as compared to control Df(16)A+/- animals injected with a GFP-expressing AAV2/5 
(Figure 5.2). Importantly, there was no decrease in interaction time when a novel animal was 
introduced on Trial 2 of the Direct Interaction task, indicating the decreased interaction time was 




Figure 5.2. Inhibition of TREK-1 rescues social memory deficits in the Df(16)A+/- mouse 
model.  
(a) The direct interaction task. Trial 1, A subject mouse is presented with a novel mouse for 2 min. 
Trial 2, After a 30 min inter-trial interval the same (now familiar) mouse is reintroduced. (b) WT 
mice injected with saline show a decrease in interaction in trial 2 (p < 0.01, paired t-test), providing 
an index of social memory. Df(16)A+/- mice injected with saline show no decrease in interaction 
time, indicating a deficit in social memory. (c) After injection of spadin 30 min prior to trial 1, 
Df(16)A+/- mice show a decrease in interaction time in trial 2, indicating a rescue of social memory 
(p < 0.01, paired t-test). Saline treated WT mice also show a decrease in interaction time from trial 
1 to trial 2.  Note: the decrease in interaction time in trial 2 reflects social memory (and not fatigue) 
as there was no decrease in interaction time when a second novel mouse is presented in trial 2 
(Figure 5.3).  (d) The percent reduction in interaction time between trial 1 and trial 2 is significantly 
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(p=0.006 paired t-test) (e) Mean percent decrease in interaction time in trial 1 versus trial 2 
comparing WT mice with Df(16)A+/- mice in the presence of spadin (p=0.37, paired t-test). (f) 
Viral mediated expression of a dominant-negative Trek-1 channel (TREK-1 DN tagged with GFP, 
red signal) in the CA2 region (identified by CA2 marker RGS-14, green signal). (g,h) Viral 
expression in CA2 of TREK-1 DN but not GFP (control) rescued social memory in the direct 
interaction task, evident by the significant decrease in interaction time in trial 2 compared to trial 
1 (p > 0.01, paired t-test). Figure 5.3 shows that there was no decrease in interaction time in trial 






Figure 5.3. TREK-1 inhibition does not affect exploration of novel social stimuli. 
(a) Set up for the Novel-novel Direct Interaction Experiment. (b) Spadin or (c) the TREK-1 
dominant negative virus (Trek-1 DN) do not decrease interaction time in Trial 2 of the novel-novel 




Figure 5.4. Df(16)A+/- mice also show behavioral changes during the three-chamber 
interaction task, which are rescued by spadin.  
(a, b) Index of social memory in three-chamber task. Time spent exploring in interaction zone 
around cup containing the novel animal (novel session 4) compared to time spent in same 
interaction zone when the familiar mouse is present (familiar sessions 3 and 5). Df(16)A+/- mice 
spend the same amount of time exploring the familiar animal as they do exploring the novel animal 
(p>0.05; paired t-test). WT and spadin-treated Df(16)A+/- groups spend significantly less time 




5.3 Spadin rescues CA2 social coding in the Df(16)A+/- mice. 
Given that spadin is able to rescue social memory behavior, I next explored whether TREK-
1 blockade rescued the social coding deficits observed in the Df(16)A+/- mice. Indeed, injection of 
spadin rescued the increase in firing around the novel social stimulus. Moreover, following spadin 
injection the population vectors of activity around the novel and familiar social stimuli were now 
significantly different from one another, similar to our findings in wild-type mice but in contrast 
to findings in uninjected or saline injected Df(16)A+/- mice (Figure 5.4; Figure 8.2). Furthermore, 
following spadin injection, CA2 population activity in the interaction zone was now able to decode 
whether a Df(16)A+/- mouse was interacting with a novel or familiar mouse, similar to the 
performance of the decoder in wild-type mice. Notably, in the presence of spadin we could still 
decode interactions with same familiar mouse in sessions 3 and 5 from CA2 activity, similar to the 
findings in the untreated Df(16)A+/- mice and in distinction to the inability of CA2 firing patterns 
in wild-type mice to distinguish between the same familiar mouse in the two sessions. 
In this chapter I have demonstrated that TREK-1 inhibition rescues both social memory 
deficits and social coding deficits in the Df(16)A+/- mice.  Although systemic spadin injection will 
antagonize TREK-1 throughout the body and nervous system, the social memory rescue appears 
to be CA2 specific as expression of TREK-1 DN specifically in CA2 leads to improved social 
memory in the Df(16)A+/- mice. The social coding deficits are rescued by spadin both at the single 
cell and the population level, as spadin treated Df(16)A+/- mice show a rescue of both single cell 
firing rate increases to social novelty and the ability of CA2 firing to discriminate familiar versus 
novel social stimuli at the population level.  Given the close correspondence between social 
memory and social CA2 coding properties, I presume that the spadin-mediated rescue of CA2 
firing properties is likely due to its action in CA2. Interestingly, spadin treatment of the Df(16)A+/- 
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mice causes a decrease in CA2 spatial coding, both at the single cell and population level. This 
indicates that the increased spatial coding of CA2 activity in the Df(16)A+/- animals relative to 





Figure 5.5. Social coding deficits in Df(16)A+/- mice and rescue by spadin.  
(a) CA2 firing was analyzed in the three social sessions in the same interaction zone around the 
cup containing the novel animal as above. (b) Z-scored CA2 firing rate during social sessions as a 
function of time in the interaction zone for each cell in untreated (left) and spadin-treated (right) 
Df(16)A+/- mice.  The three mean firing rate population vectors do not differ significantly in the 
absence of spadin (Kruskal Wallis test, p > 0.05). In the presence of spadin the novel population 
vector differs significantly from the two familiar population vectors (p < 0.01, Wilcoxon rank-sum 
test). (c) Comparison of CA2 average firing rates in Df(16)A+/- animals during interactions with 
the novel mouse versus the familiar mouse (top) or during interactions with the same familiar 
mouse in familiar sessions 1 and 2 (bottom), with normalized firing for both on the right. (d) CA2 
firing in the spadin-treated Df(16)A+/- mice in the interaction zone. There is increased firing around 
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the novel animals, similar to what is seen in WT mice (e) Decoding of interactions with novel 
versus familiar mouse and decoding of interactions with the same familiar mouse in familiar mouse 
sessions 1 versus 2 for wild-type mice compared to Df(16)A+/- animals in absence and presence of 
spadin.  Decoding for novel versus familiar social stimuli was significantly greater than decoding 
for the two identical familiar stimuli in wild-type and spadin-treated Df(16)A+/- mice (p < 0.001, 





Chapter 6. CA2 Activity during different Social Behaviors 
6.1. Does CA2 activity represent social behavioral state? 
In Chapter 3 I demonstrated that CA2 codes for social novelty.  Degree of familiarity is 
only one axis of possible social representation space; representation of social behavioral state is 
another.  Evidence from Leroy et al (2018) indicates that CA2 activity is involved in the generation 
of aggression via projections to the lateral septum that then in turn project to the ventrolateral 
portion of the ventromedial hypothalamus (VMHvl).  Fiber photometry has shown that the CA2 
projections to the lateral septum are more active during social aggression, and that CA2 is active 
during social exploration.  However, fiber photometry does not allow for single cell resolution so 
the dynamics of the CA2 population during these different social behaviors cannot be understood 
from this data.  For example, it remains unknown whether a subset of CA2 cells increase their 
firing rate during aggressive episodes, and those are the cells driving the lateral septum, or if there 
is a general increase in activity during aggressive episodes.  How does CA2 activity at the single 
cell and population level change during the expression of different social behaviors, such as social 
dominance or aggression? 
To explore this question I recorded extracellularly from CA2 in 6 male mice that had been 
singly housed to increase the likelihood of engaging in aggressive behavior during the resident 
intruder task (Rodgers & Cole, 1993).  Mice were prescreened for aggression before implantation 
to increase the likelihood of aggressive episodes after implantation.  In the resident intruder task I 
recorded from the subject mouse in the home cage for 10 minutes to establish baseline CA2 firing, 
which will be referred to as habituation, and then added an adult male BALBc mouse into the 
home cage for 10-15 minutes to elicit social exploration and aggression.    In 5 out of 6 of these 
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mice, the resident intruder was run on 5 successive days to assess changes in CA2 activity and the 
number of aggressive interactions over days. 
Videos from each of the resident intruder tasks were scored manually, with behavior being 
classified into four categories: 1) no social interaction, 2) social exploration, 3) social dominance, 
and 4) social aggression.  Social exploration was defined as face to face or anogenital sniffing; 
dominance was defined as the subject mouse mounting and/or aggressively grooming the intruder; 
aggression was defined as one or more biting attacks or tail rattles.  Of the 6 animals in which CA2 
activity was recorded, 4 displayed at least one aggressive attack during at least one of the resident 
intruder sessions.   
 Neural activity was analyzed from 72 cells from three animals who displayed at least 10 
aggressive episodes during the resident intruder so that we could examine CA2 activity during 
multiple behavioral episodes in the same recording.  CA2 activity was analyzed during all periods 
during the resident intruder task.  A small but significant increase in normalized firing rate was 
observed when the social stimuli were added into the home cage, (home cage recording z-scored 
firing rate -0.03 +- 0.001, resident intruder z-scored firing rate 0.02 +/- 0.001, p<0.0001, 10 ms 
bins).  Of the 72 cells recorded from, 14 fired significantly more during the habituation session 
than after the intruder was added into the cage, while 35 fired more when the intruder was place 
in the cage compared to the habituation.  While at the population level there were no significant 
increases in firing during aggression, I did observe cells that increased their firing rate during 
specific types of social interactions.  Some cells increased their firing rate more during periods of 
aggression (17/71) than during the expression of other social behaviors, and some cells were 




Figure 6.1. CA2 activity during the resident intruder.  
(a, e) The breakdown of the amount of time expressing the different social behaviors for two 
example mice. Each spent about 4% of the interaction time being aggressive. (b, f) The population 
activity for each animal during the time course of the resident intruder test.  Different social 
behaviors are represented by the different color bars (blue=exploration, yellow=dominance, 
red=aggression). There is a small but significant increase in normalized population firing rate for 
both of these animals when the intruder is added into the home cage.  (c, d, g, h) Example cells 
from each animal that increase their normalized firing rate during the expression of some or all of 





Figure 6.2. Spike triggered averages of example CA2 cells during different social behaviors. 
(a-d) Spike triggered averages from 4 examples cells that were significantly modulated by the 
expression of social behaviors. Black lines are the start of the different behaviors and the activity 
extends 2 seconds in both directions.  (a) A CA2 PN that showed an increase during all of the 
social behaviors analyzed.  (b, c) 2 CA2 PNs that increase their firing rates during aggressive 
episodes. (d) A CA2 PN that shows an increase in firing rate during social exploration but not 
during social aggression.  
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 While the changes in normalized firing rate were significant, many of the observed changes 
in firing rate were quite small. To see if there was significant information about the social 
behavioral state at the population level of CA2 activity, I trained a pairwise decoder (SVM with a 
linear kernel) to determine whether we could determine social behavioral state from CA2 
population activity.  In animals who displayed social exploration, dominance, and aggression, each 
of the different social behaviors could be decoded from the other two social behaviors based on 
CA2 population activity better than chance (shuffled data).  The decoder performed best in 
distinguishing social aggression versus social exploration, implying that these CA2 representations 
may be the most different from each other (Figure 6.3).  We decoded aggressive episodes from 
episodes of social exploration during the first resident intruder task and the fifth, and decoding was 
significantly better than chance on both days.  There does not seem to be a significant increase in 






Figure 6.3. Social behavioral state can be decoded from CA2 population activity.   
(a) Pairwise decoder performance from the CA2 population activity of one animal who showed 
social exploration (SE), dominance (SD), and aggression (SA) during the resident intruder task.  
All possible pairs of behaviors could be decoded from CA2 population activity significantly better 
than chance (Wilcoxon rank-sum).  The largest increase from chance was seen when decoding 
social aggression from social exploration, suggesting these CA2 representations are the most 
divergent (p<0.0001), compared to the significance for social exploration vs social dominance 
(p=0.003), and social dominance vs social aggression (p=0.003).  (b) Decoder performance from 
an animal who was aggressive on all 5 days of the task.  Decoding for social exploration vs social 




 In this Chapter I have shown that not only does CA2 respond to social novelty, CA2 PNs 
respond to the expression of different social behaviors during the resident intruder task.  Similar 
to what I saw in the three-chamber task, CA2 increases its normalized firing rate when a social 
stimulus is added into the home cage during the resident intruder task. Some CA2 PNs increase 
their firing rate during aggressive episodes compared to episodes of social exploration, while some 
are inhibited during aggression compared to exploration.  The expression of all three of the 
different social behaviors analyzed in this task could be decoded from CA2 population activity 
better than chance, with the largest increase from chance occurring when I decoded social 






Chapter 7. Conclusions 
In this thesis I have demonstrated that the presence of a novel social stimulus increases the 
firing rate of a subpopulation of dorsal CA2 pyramidal neurons, and that CA2 responds to social 
behavioral state, such as aggression and dominance. At the population level, CA2 activity can 
decode both social and non-social contexts and can discriminate between interactions with a novel 
versus familiar mouse. Interestingly, even at the population level, CA2 does not reliably code for 
location of an animal over the time course of the three-chamber interaction task.  While spatial 
coding is more robust in the Df(16)A+/- mouse model of schizophrenia, social and contextual 
coding is impaired compared to wild type mice. Inhibition of the TREK-1 outward rectifying 
potassium channel rescues both the social memory deficits observed in these mice, as well as the 
social and contextual coding deficits observed in the CA2 activity in these mice.  Altogether, this 
demonstrates that CA2 codes for social stimuli, and that when this social coding is disrupted social 
memory is affected. 
The changes in firing in CA2 during interactions with a familiar social stimulus compared 
to a novel social stimulus could reflect coding of social novelty or reflect the increased salience of 
a novel social stimulus compared to a familiar social stimulus.  As novel conspecifics are generally 
extremely salient stimuli, deficits in encoding of salience could also lead to social behavioral 
deficits. Importantly, I do not see similar increases in firing around novel social stimuli in CA1.  
Additionally, a subset of CA2 neurons increase their firing rates during the expression of certain 
social behaviors, and the social behavioral state of the animal I were recorded from could be 
decoded from CA2 population activity. The social behavioral state could be decoded on the first 
recordings during the resident intruder, and the representations of different social behaviors don’t 
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seem to become more orthogonal with experience, as has been observed in the VMHvl (Remedios 
et al., 2017), although I did not look at female sex specific behaviors, so it is possible that 
interactions with a female would lead to more orthogonal representations with experience. 
While I found evidence for social and contextual coding in CA2, I did not find evidence of 
robust representation of location at either the single cell or population level during the three-
chamber social interaction task. Most discussions of hippocampal firing focus on location-based 
measures; our results indicate that this might not be appropriate for describing CA2 firing, 
especially when contextual elements in an environment are changed, as they often are in social 
behavior tasks.  Of interest, CA2 activity is not fully devoid of spatial content as position could be 
decoded better than chance from the population activity of some mice when I trained the position 
decoder on a large amount of data during the entire 40 min of the habituation to the empty area. In 
contrast position could be decoded from a much shorter period of CA1 training data (8 min), so 
there is a clear divergence in how many discrete moments in time CA1 and CA2 activity contain 
information about location in an environment.  
Although CA2 activity is clearly responsive to social stimuli, I did not find evidence that 
individual CA2 neurons or the CA2 population has a representation for a social engram, that is the 
social identity of a familiar conspecifics.  Our data do not rule out this possibility, as imaging 
experiments with data from more CA2 neurons may reveal a social engram.  For example, 
(Okuyama et al., 2016) showed that neurons in a specific region of ventral CA1 that project to the 
shell of the nucleus accumbens did form a social engram, with about 10% of neurons recorded 
using calcium imaging firing selectively during interactions with a given familiar mouse. 
Moreover, these authors found that such neurons were necessary and sufficient to encode and 
retrieve a social memory. Unlike our results in dorsal CA2, ventral CA1 neurons did not increase 
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their firing in response to social novelty. This is perhaps surprising as our laboratory found that 
dorsal CA2 provides excitatory input to the same subset of ventral CA1 that Okuyama et al 
identified and that this input is necessary for encoding social memory (Meira et al., 2018). As 
Meira et al. found that dorsal CA2 inputs recruit substantial feedforward inhibition in ventral CA1, 
it is possible that loss of this CA2-mediated inhibition during familiarization contributes to the 
enhanced firing of vCA1 neurons to a familiar social stimulus.  It is also a possibility that as a 
social stimulus becomes more familiar that the representations within CA2 become sparser, and 
thus only a small subset of CA2 neurons would be responsive to specific familiar social stimuli.  
This may be difficult to detect using in vivo electrophysiology, but could be looked at with calcium 
imaging experiments.  
Evidence in support of an important behavioral role of the CA2 social encoding properties 
came from an analysis of CA2 firing in the Df(16)A+/- mouse model of the human 22q11.2 deletion 
syndrome. These mice have a profound deficit in both contextual fear memory (Stark et al., 2008) 
and in social memory (Piskorowski et al., 2016).  Consistent with these behavioral results, I found 
CA2 neurons in these mice have a lower overall mean firing rate and have a marked deficit in the 
ability of their firing to encode either context or social novelty. Surprisingly, I found that CA2 
pyramidal neuron activity in these mice has improved spatial encoding properties, including 
increased place field stability and spatial selectivity that is associated with an improved ability to 
decode spatial location.  
Pathological hyperstability of place fields has been described in the Fmr1 KO mouse model 
of fragile X syndrome (Talbot et al., 2018), and the Df(16)A+/- mice were previously found to have 
deficits in reward-related remapping in CA1 place fields (Zaremba et al., 2017).  The more stable 
spatial firing in CA2 of these Df(16)A+/- mice may reflect a deficit in remapping in response to 
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altered context. Perhaps the pyramidal cell hyperpolarization may render CA2 neurons less 
sensitive to weak excitatory or neuromodulatory inputs that convey contextual information. As 
CA2 is enriched in receptors for the social neuropeptides oxytocin (Raam et al., 2017) and 
vasopressin (Cui et al., 2013; A. S. Smith et al., 2016; Young, Li, Wersinger, & Palkovits, 2006), 
improper integration of these social signals could also contribute to the behavioral and social 
coding deficits seen in the Df(16)A+/- mice.   
CA2 neurons in the Df(16)A+/- mice were previously found to have decreased synaptic 
inhibition and a hyperpolarized resting potential, which is thought to be caused by upregulation of 
the TREK-1 resting K+ current (Piskorowski et al., 2016). These two cellular effects should have 
opposing actions on CA2 firing, with decreased inhibition enhancing and hyperpolarization 
suppressing CA2 activity. As I found that mean CA2 firing was significantly decreased in the 
mutant mice, this suggests that the net effect of the cellular alterations may be dominated by 
membrane hyperpolarization. Consistent with this view, I found that decreasing TREK-1 current 
by injection of the TREK-1 antagonist spadin in the Df(16)A+/-  animals resulted in a rescue of 
their social memory deficits. To our knowledge this is the first instance in a mouse genetic 
schizophrenia model of a pharmacological rescue of social deficits, which are extremely difficult 
to treat in humans.   
Spadin, a potent TREK-1 inhibitor (Borsotto et al., 2015), administration also rescued the 
social coding deficits seen in Df(16)A+/- CA2 activity.  Interestingly, in addition to rescuing social 
and contextual coding, spadin administration caused the enhanced spatial firing properties of CA2 
neurons in these mice to revert to their less precise spatial encoding properties characteristic of 
wild-type mice. This suggests that the increased spatial stability in the Df(16)A+/- mice may 
contribute to impaired social coding  by altering the normal mixed social/spatial/contextual 
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selectivity of CA2 encoding to a spatially-dominant encoding mode.  One potential hypothesis is 
that CA2 normally receives a combination of social, contextual, and spatial input. In wild-type 
conditions, these inputs sum to generate CA2 output with mixed selectivity. However, only the 
spatial input may be capable of crossing the firing threshold in the Df(16)A+/- mice due to the 
hyperpolarization of the pyramidal neurons, due to some combination of an enhancement of the 
spatial coding properties through changes in inhibition and a lack of response to non-social 
elements.  This could explain both the decreased firing rate in and the social and contextual coding 
deficits seen in these mice, which are rescued by inhibiting the hyperpolarizing TREK-1 channel.  
These results provide further support that CA2 and its malfunction contributes importantly 
to normal social behavior and to social behavioral abnormalities characteristic of certain 
neuropsychiatric disorders, including schizophrenia. Moreover, our findings emphasize the 
potential importance of CA2 and TREK-1 as a target for novel therapeutic approaches to treating 
social endophenotypes associated with these disorders. Finally, the strong and consistent 
correlation I observe between CA2 firing properties and social memory behavior in wild-type 
mice, Df(16)A+/- mice, and  Df(16)A+/- mice treated with spadin furthermore provides support for 
the view that CA2 social firing properties support the role of this region in encoding and storing 




 The results I have described provide the first demonstration that CA2 specifically codes 
for social novelty. This is somewhat surprising given that social memory is dependent on the 
projections from dCA2 to vCA1, and vCA1 has been shown to encode social familiarity.  Social 
“engrams” of familiar animals have been observed in vCA1, and behavioral changes have been 
observed after manipulation of these “engrams”.  My experiments did not show any stable CA2 
representation of social familiarity.  However, further experiments are needed to determine if CA2 
does have a sparse representation of different familiar social stimuli.  Calcium imaging 
experiments may be more suited for this question than in vivo electrophysiology as the number of 
neurons observed in calcium imaging is typically much higher than the number of neurons 
observed during in vivo electrophysiology, as well as the ability to more reliably track the activity 
of the same neurons over relatively long-time courses. 
 If there is no familiar social “engram” in CA2, another interesting future direction would 
be to explore how the increased firing to social novelty in dCA2 is transformed to an increase in 
firing in vCA1 for social familiarity.  While some feedforward inhibition has been observed during 
stimulation of dCA2 inputs to vCA1, the input from dCA2 to vCA1 is net excitatory, at least in ex 
vivo hippocampal slices.  Nonetheless there is a greater extent of feedforward inhibition in the 
dCA2 to vCA1 circuit than in the dCA2 to dCA1 circuit, so it is possible that increases in CA2 
firing rate in response to social novelty could inhibit cells in vCA1 that increase their firing for 
social familiarity.   
 Another interesting avenue would be to look at how CA2’s response to social novelty 
changes over time.  By definition a social stimulus can only be novel for so long; does CA2’s 
activity reflect this change in perception of novelty, and if so, how?  Over what time course does 
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CA2 change its activity in response to repeated presentations of social novelty? One way to look 
at this would be to record from CA2 during a successive presentation of a novelty task, where the 
subject mouse would interact with a novel stimulus mouse (N1) 4 times and then a second stimulus 
mouse (N2) once.  Data from this experiment would allow us to analyze how CA2 activity changes 
over multiple presentations of the same social stimulus, and allow us to analyze which aspects of 











 I have shown that CA2 changes its activity in response to the expression of different social 
behaviors as well as being responsive to social novelty.  All of the animals used as intruders in the 
resident intruder experiment were novel to the subject mouse. It would be interesting to see if CA2 
coding for social behavioral state is similar for novel and familiar intruders.  While studies have 
looked at the propensity of cohoused male mice to attack familiar versus novel mice (Poole & 
Morgan, 1975), it is unclear if singly housed male mice can still recognize their littermates and 
would be more aggressive towards a novel or familiar mouse.  If the animal came from a cage with 
an established dominance hierarchy, it would make sense that they wouldn’t exert the energy and 
risk of becoming aggressive towards a more dominant familiar mouse. Does the social novelty 
signal from CA2 lead to increased aggression? Imaging the CA2 projections to the lateral septum 
that mediate aggressive behavior during interactions with novel and familiar animals could be an 
interesting way to parse out how novelty signals from CA2 influence aggressive behavior. 
While I have shown that CA2 represents male driven social behaviors, I have not examined 
how CA2 represents female driven social behaviors, such as mating.  It would be interesting to see 
if CA2 PN activity differentially represent female and male driven social stimuli, as has been seen 
in the VMHvl (Remedios et al., 2017) and ventral CA1(Rao, Heimendahl, et al., 2019), and if 
separation of these representations occurs with experience, as has been observed in the VMHvl 
(Remedios et al., 2017). I thus far have not done any recordings in dorsal CA1 during the resident 
intruder task; this is an important control to determine if the responses described above are unique 
to CA2.  
 The results described in Chapter 6 relied on manual scoring of the resident intruder.  It 
would be interesting to automatically analyze the social behavior of these animals using 
DeepLabCut (Mathis et al., 2018).  New social behaviors have been observed using these 
 
93 
automated methods (R. Froemke and T. Abe, Personal Communication, 2019), and it would be 
interesting to see if there are any behaviors that predict aggression, dominance, or even lack of 
aggression.  If there are undescribed behaviors that are predictive of other social behaviors, it 
would be interesting to see if CA2 encodes these social behaviors.  It would also be interesting to 
see if CA2 encodes the social behavioral state of conspecifics.  This would fit with CA2’s role in 
memory, as it would be important to be able to encode if, for example, a conspecific has been 
aggressive towards you so you could appropriately respond when encountering said conspecific 
again. 
 Singly housed males are more aggressive towards intruders than males that are cohoused.  
It is reasonable to assume that this change in social behavior could be due to changes in the neural 
circuitry underlying aggression.  It would be interesting to see if either the CA2 microcircuit or 
the social coding properties of CA2 change during social isolation.  It has been shown that social 
experience can change the density of receptors for social neuropeptides in CA2.  This is especially 
interesting given that human that have been socially isolated tend to have altered social behaviors, 
as well as numerous other health issues (Umberson, Crosnoe, & Reczek, 2010) ; understanding 
this mechanism in mice could be useful for understanding how social isolation shapes the brain. 
 Social deficits in schizophrenia are poorly understood and lead to large decreases in quality 
of life (Maat et al., 2012), and thus far no effective pharmacological treatment for social deficits 
in schizophrenia have been reported.  The studies described in this thesis show that a mouse model 
of schizophrenia has deficits in CA2 social coding that can be rescued by inhibition of TREK-1, 
and that this rescue in social coding also rescues social memory.  Multiple brain areas code for 
social information, and multiple brain areas have been associated with the cognitive deficits seen 
in schizophrenia.  It would be interesting to see if inhibition of TREK-1 affects other deficits 
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observed in the Df(16)A+/- mice, such as abnormal sharp wave ripples (Zaremba et al., 2017) and 
deficits in hippocampal prefrontal synchrony that could lead to deficits in working memory 
(Sigurdsson et al., 2010).  There is evidence that CA2 coordinates the activity of sharp wave ripples 
(Oliva, Ferna, & Beren, 2016) and that increasing CA2 activity leads to increased hippocampal 
and prefrontal cortex low gamma power (Alexander et al., 2018).  It would be interesting to see if 
these deficits are also rescued by decreasing TREK-1 current, or if they are mediated by the loss 
of inhibition in CA2 that has been observed in these mice. 
 While I have shown that I can rescue CA2 social coding in the Df(16)A+/- mice, the 
mechanism underlying this deficit in social coding remains unknown.  I would hypothesize that 
the membrane hyperpolarization caused by the upregulation of TREK-1 leads to deficits in the 
ability to properly integrate and respond to activity from inputs from the PVN that release social 
neuropeptides or input from the supramamillary nucleus and the lateral entorhinal cortex.  Since 
loss of receptors for social neuropeptides in CA2 leads to social memory deficits, it would be 
reasonable to assume that loss of oxytocinergic and vasopressinergic input would change social 
coding in CA2; It would be interesting to record from CA2 during social tasks while inhibiting the 
release of either vasopressin and oxytocin.  If a similar shift of an increase in the spatial coding 
properties of CA2 with the commiserate decrease in social and contextual coding are observed it 
could be reasonably assumed that the loss of social coding observed in these mice is due to 




Chapter 8. Methods 
Recordings 
The experiments described in the results section of this thesis use a combination of in vivo 
extracellular recordings and social behavior tasks in mice.  A massive breakthrough in the history 
of neuroscience was the ability to record action potentials intracellularly from the giant squid axon 
(Hodgkin & Huxley, 1939); this advance was furthered by (Hubel & Wiesel, 1965) with the advent 
of sub-micrometer tungsten electrodes that could record action potentials extracellularly from 
smaller mammalian neurons in vivo.  For the following experiments I used movable, implantable 
drives, which were adapted from (Anikeeva et al., 2011).  These drives contain eight tetrodes, 
which are bundles of four 1 um platinum iridium wires that are spun together and left exposed at 
the ends that are implanted into the brain. Tetrodes are advantageous for spike sorting, especially 
in brain structures that have dense cell layers such as the hippocampus, because of the spatial 
distribution of the four wires in a tetrode.  The four wires are likely to be different distances from 
each cell, so as each cell fires an action potential the signal will look slightly different on each 
channel.  This allows for easier spike sorting, as each action potential that is fired that looks the 
same on all four channels is likely from the same cell (Hong & Lieber, 2019). 
Mice were implanted with electrode bundles containing 7-8 tetrodes in a moveable drive 
using sterile surgical techniques.  Animals were anesthetized with 2-5% isoflourane and placed in 
a stereotaxic frame.  Craniotomies were made above CA2 (1.8 mm posterior to bregma, 2.15 mm 
lateral to the midline, ~1.5 mm below the brain surface) or CA1 (1.9 mm posterior to bregma, 1.8 
mm lateral to the midline, ~1 mm below the brain surface).  To prevent damage to the recording 
site, tetrodes were implanted above the structure and turned down 50-150 um per day after 
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recovery from surgery.  A skull screw was placed over the contralateral visual cortex to serve as 
ground. To verify recording locations, 50 uA of current was passed through the channels at the 
end of the experiment to create an electrolytic lesion.  To visualize the recording locations, animals 





Figure 8.1. Recording locations from the 19 animals used in the main experiments described 





Recordings from these drives were amplified, band-pass filtered (1–1,000 Hz LFPs, 300–
6,000 Hz spikes), and digitized using the Neuralynx Digital Lynx system or the OpenEphys GUI 
(Siegle et al., 2017). Experimenters were blind to experimental condition during recordings. Local 
field potentials, which are coordinated activity of a large population of neurons, were collected at 
a rate of 2 kHz, while spikes were detected by online thresholding and collected at 30 kHz. Units 
were from the Neuralynx recordings were clustered using Klustakwik, sorted according to the first 
two principal components, voltage peak and energy from each channel. Recordings from the Open 
Ephys system were converted to binary data files and automatically sorted using Kilosort 
(Pachitariu, Steinmetz, Kadir, Carandini, & Harris, 2016). Clusters were then accepted, merged or 
eliminated based on visual inspection of feature segregation, waveform distinctiveness and 
uniformity, stability across recording session, and interspike interval distribution, which were 
visually inspected either in Axona TINT clustering software or the phy-gui.  
 
Subjects 
Df(16)A+/- mice and their wild-type littermates were generated on a pure (>99.9%) 
C57BL/6J background (The Jackson Laboratory) as previously described (Stark et al., 2008). In 
vivo electrophysiology experiments were carried out in adult male mice (22-28 g, 3-6 months old), 
as females don’t perform the three-chamber task well.   Female and male mice were used for the 
social memory experiments and were housed 3-5 in a cage. Only male mice for aggression 
experiments, as females typically only show territorial aggression while they are protecting their 
pups, and were singly housed, as this increases aggression in mice. All mice were under a 12:12 
light/dark cycle with access to food and water ad libitum. Experiments were conducted during the 
light cycle. All procedures were approved by the Animal Care and Use Committee of Columbia 
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University and were in accordance with the National Institutes of Health guidelines for the care 
and use of animals. 
 
Behavioral Paradigms 
Three-chamber Interaction Task 
Mice were given 1 week to recover from surgery, after which tetrodes were turned down 
to stratum pyramidale of the hippocampus.  After tetrodes reached the hippocampus and were 
stable for at least 48 hours, animals were habituated to the three-chamber arena for 40-50 
minutes.  Barriers were placed in the environment every 10 minutes to recapitulate the barriers that 
are placed in between the different sessions of the three-chamber (Figure 2.1).  The following day 
animals ran the three-chamber social interaction task shown in Figure 2.1. Barriers were placed in 
the arena when objects or social stimuli were added into the environment and chambers where 
wiped with 70% alcohol between each session to rid the arena of olfactory cues from the previous 
sessions. Trajectory of the animal was recorded in Neuralynx or using custom MATLAB software 
for tracking webcam images. 
Trajectory and behavior from the three-chamber task were analyzed using custom scripts 
in MATLAB, plotting the x,y positions for the different sessions of the task.  For each cell, 
locations of action potentials were determined by matching the spike times to the position of the 
animal at that time.  Spatial analyses were performed with custom written scripts in MATLAB. 
Positions on the three-chamber were projected onto the track axis. The position and spiking data 
were binned into 5‐cm wide segments, generating the raw maps of spike number and occupancy 
probability. Rate map, number of place fields, field sizes, spatial information, and selectivity were 
calculated. A Gaussian kernel (SD = 5 cm) was applied to both raw maps of spike and occupancy, 
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and a smoothed rate map was constructed by dividing the smoothed spike map by the smoothed 
occupancy map. A place field was defined as a continuous region, of at least 9 cm, where the firing 
rate was above 10% of the peak rate in the maze, the peak firing rate was >2 Hz, and the number 
and size of these fields were quantified.  From these fields, spatial information (bits/second) was 
calculated using methods from (Skaggs, McNaughton, & Gothard, 1993) 
Selectivity, which is a corollary of how much firing happens outside of the place field of 
each place field was also calculated as the maximum firing rate in the place field over the mean 
firing rate of that cell.  The percentage of spikes that occurred in bursts (three or more spikes 
occurring within an interspike interval less than 6 ms) was calculated for each cell in each session 
(Harris et al., 2001). Spatial stability between the different sessions was calculated as the Pearson’s 
correlation of the firing rate in each binned location for each session, with unvisited bins in the 
environment represented as NaNs.  Interaction zones were defined as a 7 cm from the edges of 
each respective cup, which is approximately the body length of a mouse.  
 
Direct Interaction Task 
For the spadin Direct Interaction Task (9 WT vs 9 Df(16)A+/- mice injected with saline, 16 
WT vs 13 Df(16)A+/- mice injected with spadin).  Subject mice were habituated to a cage for 30 
min.  A novel juvenile male mouse was placed into the cage for 2 min (Trial 1), during which the 
subject mouse was allowed to explore the juvenile.  The juvenile mouse was removed for 30 
minutes and then placed back into the cage with the subject for an additional 2 minutes (Trial 2).  
For the novel-novel control Direct Interaction Task (Figure 5.3), a novel juvenile mouse was 
placed in the cage on Trial 2.  Behavioral videos were recorded and analyzed in Anymaze 2.0.  
Researchers were blind to experimental condition during both the behavioral experiments and the 
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analysis. Animals that interacted for less than 24 s on the first trial or that were aggressive towards 
the juvenile in either trial were excluded from the analysis. 
For the TREK-1 dominant negative direct interaction task 10 WT and 18 Df(16)A+/- mice 
were injected with AAV2.5-hsyn-TREK-DN-YFP bilaterly in CA2 and 9 WT and 17 Df(16)A+/- 
were injected with AAV2.5-hsyn-mCherry as a control.   
 
Resident Intruder 
 Subject mice were socially isolated for at least one week, and habituated to the recording 
set up for at least 5 days before the resident intruder task.  During the resident intruder I recorded 
from the subject mouse alone in the home cage for 10 minutes, and then placed a male BALBc 
mouse into the subject mouse’s home cage.  Videos of the social interactions were recorded and 
manually scored after the resident intruder.  One the rare occasion that the intruder attacked the 
subject mouse the test was ended and the data was excluded.  
 
Statistics 
All effects presented as statistically significant exceeded an α-threshold of 0.05. All 
independence tests were two-tailed. All independence testing of paired values (that is, changes 
across conditions) used paired t-tests or (where stated) signed rank tests. All t-tests and rank tests 
performed with more than two groups were done post-hoc to ANOVA or kruskal-wallis tests 
except where Bonferroni correction for multiple comparisons is specifically cited. For all box plots 
displayed the center line is the mean; box limits are the upper and lower quartiles; whiskers are 





Methods are based on work from (Stefanini et al., 2018). In short, I divided the trial in 5 
temporally contiguous periods of equal size in terms of number of datapoints. I then trained the 
decoders using the data from 4 of them and tested on the remaining data. To decode the position 
of the animal, I first divided the arena into 12x8 equally sized, squared locations. I then assigned 
at each time bin the label of the discrete location in which the animal was found. For each pair of 
locations, I trained a Support Vector Machine (SVM) classifier with a linear kernel to classify the 
cell activities into either of the two assigned locations using all the identified cells unless specified 
otherwise. I used only the data corresponding to the two assigned locations and to correct for 
unbalanced data due to inhomogeneous exploration of the arena I balanced the classes with weights 
inversely proportional to the class frequencies. The output of the classifiers was then combined to 
identify the location with the largest number of votes as the most likely location. The decoding 
error reported corresponds to the median physical distance between the center of this location and 
the actual location. To assess the statistical significance of the decoder, I computed chance 
distributions of decoding error using shuffled distributions of spikes.  I trained one decoder on 
each shuffled distribution and pooled all the errors obtained. I assessed the statistical significance 
of the decoding error for the 5-fold cross-validation of the original data by comparing them to the 
distribution of errors obtained from the shuffled data using the non-parametric Mann-Whitney U 
test, from which I obtained a p-value of significance. 
 
Session/Social Information Decoder 
As above, sessions were divided into 5 equal time bins, and a Support Vector Machine 
(SVM) was trained to decode either which session the animal was in or which animal the subject 
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mouse was interacting with.  In the case of unequal interaction times, training sets were 
subsampled to the length of the shorter interactions.  Chance was determined by training and 
testing the decoder on shuffled data. Statistical significance was assessed by comparing to the 
distribution of the shuffled data using the Mann-Whitney U test. 
 
Spadin administration 
For the three-chamber experiments described, 0.1 ml of 10-5 M spadin (Tocris) or saline 
was administered 30 minutes before the three-chamber interaction task in 5 of the Df(16)A+/- 
mice.  Df(16)A+/- mice treated with saline did not show any significant differences from the 
untreated Df(16)A+/- mice (Figure 8.2). For the direct interaction task described, either 0.1 ml of 
saline or 0.1 ml of 10-5 M spadin was injected into Df(16)A+/- mice and the littermate controls 30 
minutes before trial 1 of the direct interaction. 
 
TREK-1 Dominant Negative virus generation 
 A dnTREK-1 mutant was created from the mTREK-1 plasmid by the introduction of two 
point mutations in the selectivity filter of the pore region (G161E and G268E). The mutations were 
introduced using the QuikChange kit (Stratagene). The primers designed to generate the mutation 
of G161 to E were 5′-CCATAGGATTTGAGAACATCTCACCACGC-3′ (forward) and 5′-
GGGTGGTGAGATGTTCTCAAATCCTATGG-3′ (reverse), and 5′-
CTCTAACAACTATTGAATTTGGTGACTACGTTGC-3′ (forward) and 5′-
GCAACGTAGTCACCAAATTCAATAGTTGTTAGAG-3′ (reverse) for G268 to E. This mutant 







Figure 8.2. Df(16)A+/- mice treated with saline are not significantly different from untreated 
mice in 
(a) mean firing rate (paired t-test p=0.21), (b) spatial stability between the 5 sessions of the three  
chamber. (paired t-test p=0.31)  (c) In addition, they don’t show an increase in firing around the 
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